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Abstract 
In use of doped silica glass TL dosimeters, previous studies by others have focused on 
measurement of the radiation doses delivered during radiotherapy applications, with 
levels of dose typically in the fractions of a Gy to some several tens of Gy level. The 
present work is differentiated from such efforts, the thesis evaluating the utility of several 
types of enhanced-sensitivity doped silica glass TL dosimeter, novel forms that have been 
developed for measurement of low radiation doses. The range of interest is from several 
µGy to several tens of mGy level (ie doses some 0.1% and less of that of the therapy 
doses previously investigated), the focus being on medical applications within which such 
exposures arise. The stochastic effects of radiation are without threshold, the probability 
nevertheless increasing with dose. As such, the low radiation doses that can give rise to 
small but extant probability of inducing cancer need to be measured, allowing for dose 
mitigation measures that can be evaluated. Therefore, one of the main purposes of this 
research is to examine the development of new dosimeters that can measure such low 
radiation doses, either in diagnostic uses of x-rays or in regard to scattered radiation 
received to the lens of the eye during stereotactic radiosurgery (SRS) applications. The 
diagnostic applications of choice are those which find widespread use, from single 
exposure dental doses, through to chest radiography and mammographic imaging. As no 
dosimeter exists that can come close to approximating the ideal characteristics of an omni-
utility sensor, a number of glass TL dosimeter forms have been investigated, differing in 
dopant concentration, size and fabrication, examined for use in the different dose regimes. 
The characterisation of GeB-PFc, Ge-PFc, GeB-FF, Ge-doped disc, Ge-SMF and LiF (all 
defined in detail in the thesis) have been performed, including the study of linearity, 
fading, energy response, dose response, and sensitivity. The outcome is one 
demonstrating successful accommodation of all of the dose ranges of interest. Additional 
sensitivity of between 20% to 30% has been shown to be available through thin (several 
tens of microns) high Z coatings to flat fibres (FF), the coatings acting as photoelectron 
and Auger electron conversion media. Being small in size, non toxic and devoid of any 
electrical contact, it is the intention that these TL forms take on the important role of safe 
and accurate dose evaluations as an aid in dose optimization measures. 
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Chapter 1 
1 Introduction 
1.1 Introduction  
Thermoluminescence dosimetry (TLD) is an important dosimetric tool that has been used 
for many decades in determining doses in medical applications. To-date, various 
formulations of phosphor-based TLD have provided for determination of different 
radiation qualities and various doses, from relatively low levels of exposure (those typical 
in the practice of diagnostic imaging radiology) to high dose levels (radiotherapy in 
particular, now also including radiosurgery). There are several advantages of using 
thermoluminescent dosimeters, first in respect of their small physical size, through to their 
reproducibility, high sensitivity and in the case of the doped silica fibres invesigated in 
this thesis, they are highly water impervious, have excellent reproducibility and 
reusability, also offering a wide dynamic range, unlike the most commonly used  
phosphor-type, TLD-100 (Bradley et al., 2012).  
In late 1895, Wilhelm Roentgen discovered X-rays, thereby creating a great step forward 
in the development of medicine. Within a short period after the discovery he was able to 
explore and characterize their physical properties. However, attention to their harmful 
effects in medical applications were not to be better appreciated until some 30 years later, 
by which time the tragedy of the radiation pioneers had occurred. After those series of 
incidents, radiation protection measurements and the concept of limiting exposure to 
radiation workers were established. In regard to the effects of radiation on patients, 
concern was not to formally exist until the 1950s when scientific reports began to indicate 
that the low levels used in diagnostic radiology could lead to late radiation effects in 
patients. Consequently, this lead to the radiation protection regulations that are in force 
today, taking into account the concern of late radiation responses to both radiation 
workers and patients (Engel-Hills, 2006). 
In diagnostic radiology, measurement of the  radiation dose is a crucial factor for 
optimizing radiation protection for both patients and the public (Engel-Hills, 2006). As 
exposure to radiation through radiological procedures represents the largest part of the 
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population exposure from non natural- radiation, the need to control the quantity of dose 
and optimize the design and utilization of X-ray imaging equipment are now appreciated 
to be very important.  It is widely  believed that even a reduction of 10% of the delivered 
dose to the patient in radiological procedures is to be considered worthwhile (IAEA 
2007). Patient dosimetry in X–ray medical imaging aims to define dosimetric levels, 
leading to the establishment of rules and guidance levels, including diagnostic reference 
levels for given procedures and relative risk assessment. The latter case requires 
assessment for the average dose to the organs and tissues at risk. As a result of the 
relatively low imaging doses, the uncertainty of absolute risk for a stochastic effect is 
high. For adult imaging examinations, an accuracy of 20% in dose is considered to be 
sufficient for predicting the absolute risk, unlike measurements in radiotherapy which 
require higher accuracy of 3 % due to the potential for deterministic effects (IAEA 2007). 
In order to achieve the goals stated above, improved dosimetry has been increasingly an 
essential area in diagnosis applications. There is awareness amongst health specialists that 
the radiation dose delivered to the patient in diagnostic radiology from advanced X-ray 
examinations can be a cause of cancer induction or in some serious cases could lead to 
acute damage to particular sensitive body parts such as skin and eyes (Meghzifene et al., 
2010).  
In this thesis a number of studies have been performed using different types of doped 
silica materials, investigation being made of the properties of these TL materials in 
various dosimetry applications. In particular, measurements have been made of the 
relatively low doses of chest x-rays and mammography and even more so of dental 
radiology. In vitro measurements have also been performed for the scattered doses 
incurred by radiosensitive organs during radiotherapy procedures.   In what is to follow, 
first a brief outline is provided of the thesis contents. This is then accompanied by an 
account of the motiviation for the workince. 
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1.2 Motivation for the work: 
Radiation has been used in medicine for in excess of 100 years, involving widespread 
methodologies (nowadays more typically referred to as modalities) in daily procedures. 
Over the past many decades, the use of radiation across the different medical applications, 
most commonly diagnostic radiology, nuclear medicine and radiotherapy, have been 
demonstrated to be invaluable and the base of a great many modern techniques that have 
evolved from initial ideas. However, the intrinsic properties of the radiation provide not 
only advantages in modern medicine but may also cause harmful effects if not properly 
controlled (Donya et al., 2014). Therefore, the use of radiation should be at doses that are 
as effective as possible in the diagnosing or the therapy of a condition but with the 
potential incidence of non-deterministic secondary effects that are as low as reasonably 
achievable (ALARA). The optimization of radiation usage requires irradiation of the 
target tissue to be achieved within tightly controlled accuracy, seeking the particular 
required dose to thus be achieved, as well as avoiding the normal surrounding tissue in as 
far as this is possible. In therapy, the ICRU report the need for +/-5% accuracy in the 
administration of absorbed dose to the target area (Strauss & Kaste, 2006). In regard to 
diagnostic application, the radiation delivered in obtaining the required image should be 
sufficient to obtain high quality images with the minimum possible radiation dose 
(Martin, 2007). For this reason, dosimetry has become an essential area of research in 
recent years, seeking to ensure that the delivered dose to the target is effective whilst 
mitigating against harmful effects. The dosimeters can be classified as passive or active. 
The passive dosimeters provide for a two-step process and as such are not direct readout 
devices; examples are TLDs, optically stimulated luminescence (OSL) dosimeters, 
including in the former case the commercially available and clinically used LiF (Mg: Ti) 
and in the latter case Al2O3 (aluminium oxide). The dose is determined through 
measurements that allow estimation of the effective dose. Conversely, active dosimeters 
are typically electronic devices that require an energy source such as a battery to operate, 
including ion chambers and diodes, providing a direct reading of the absorbed dose 
(Hamby, 2001). 
At the University of Surrey, the important role of dosimetry in medical applications is an 
on-going focus of research, contributing significantly to improving dosimetry and 
continuing to add to advances. In such respect, work has proceeded in fabricating new 
TLD materials. A particular effort focuses on establishing silica-based fibres as novel 
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luminescence dosimeters, offering a range of advantages. These materials have been 
created in different forms including various types of dopant and also different 
concentrations of these dopants. A large amount of research has been carried out by 
previous groups in seeking characterization and investigation of the TL response of these 
promising TL media. These studies, practically all concerning applications in 
radiotherapy, have shown several useful properties for their use in therapeutic 
applications (see for instance, Noor et al, 2014). The advantageous features of these fibres 
include their good sensitivity, high spatial resolution (~0.1 mm), low fading, good 
reproducibility and re-usability (without noticeable change in performance), as well as 
their water impervious and robust nature. In addition, these silica-based fibres show good 
linearity over a wide dynamic range of dose and dose-rate and are directionally 
independent. (Yusoff et al., 2001).  
To-date, essentially all of the research performed at Surrey have concentrated on 
radiotherapy applications, with doses in the few Gy to several tens of Gy range, including 
brachytherapy and superficial and deep tele-radiotherapy (external beam radiotherapy).  
Our aim herein is to focus on the diagnostic dose range in order to detect radiation levels 
that are typically of the order of a thousandth or less of that in radiotherapy, the low levels 
concerning for instance diagnostic chest radiography, in the range 0.1 mGy to 0.5 mGy 
(Clark & Swallow, 1986) through to the doses observed in fluoroscopic investigations 
(some few mGy and more). For this purpose, specially designed Ge-doped fibres have 
been fabricated to allow elevated hyper-sensitivity performance, accommodating the 
dosimetric tests that range across the imaging radiology modalities, including dental 
radiography (the lower-end dose marker), chest X-rays mammography and fluoroscopy 
(interventional doses representing the upper-end dose marker).  In addition, we are 
working on further studies carried out using Ge-doped optical fibres and glass beads to 
detect the scattered radiation received by the eyes in Stereotactic Radiosurgery (SRS) 
treatments. The two following paragraphs describe the basis of both such areas of work. 
In regard to SRS, the second area of study, this has been carried out using two types of 
TL materials (glass beads and Ge-doped optical fibres) in a multi-centre dosimetric audit. 
The audit has investigated the range of Stereotactic Radiosurgery (SRS) treatments for a 
single brain metastasis using a series of thermoluminescence detectors and an 
anthropomorphic head phantom. The intent of this work has been first to detect the dose 
received by the lens of the eye from scattered radiation during an SRS treatment as well 
as to measure the imaging dose received during the CT-scan obtained in the treatment 
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planning stage. In order to achieve these aims, custom-designed holders have been 
fabricated to carry three types of thermoluminescent dosimeter: Ge-doped optical fibres, 
glass beads and the TLD-100, the latter being used as a comparator dosimeter. The 
holders for these are in the shape of cylindrical Teflon material black boxes, having 
suitable dimensions that allow them to be properly placed onto the area occupied by the 
eye in phantom-based studies. A bespoke 3D-printed (goggle) insert was produced for 
the head phantom to allow reproducible placement of the TLD holders for CT and SRS. 
In this work, we have demonstrated that the goggle insert and the TLD holders produced 
are suitable for the measurements made in the above-mentioned audit. 
Returning to the first area of study, that of diagnostic doses in the X-ray regime, present 
investigations have looked at several types of doped silica-based TL dosimeters for 
radiation dosimetry applications for radiation protection purposes of the patient. Ge-
doped optical fibres, Ge-doped and Ge-B-doped collapsed photonic crystal fibres (PCFc) 
dosimeters were used to measure the doses typically involved in X-ray chest and other 
examinations. This has investigated the capability of these fibres in detecting the 
relatively small radiation doses involved as well as to compare their performance against 
the well-known TLD-100. However, to achieve these objectives, thorough dosimetry 
characterization of all types of the TL dosimeters have first been required, to include dose 
response, fading, sensitivity and energy dependence at the low photon energies that are 
applicable. All have been investigated within this thesis, checking the response of these 
types of dosimeters and to allow application of correction factors when they are required. 
In addition, the results have been compared against published outcomes.  A third and final 
area of study has been an investigation of two more recent fibre forms, GeB-flat fibre and 
Ge-doped disc-shaped silica materials, focusing again on diagnostic radiology 
applications that include chest x-ray and mammography examinations as well as the 
dental-ray regime. The results have again been compared against that of previous study. 
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1.3 Structure of Thesis 
Chapter 1: This present chapter is intended as an introduction of the thesis, providing the 
reader with relevant fundamental ideas regarding the need for dosimetry in radiotherapy 
and diagnostic applications, further highlighting the motivation and aims of the work 
subsequent to a brief outline of the thesis structure.  
Chapter 2: This chapter provides a review of the pertinent literature and underpinning 
theory, including discussion of the interactions of the different types of radiation (i.e. 
photons, electrons, and protons) with matter, an overview of dosimetry in diagnosis and 
radiotherapy applications and a description of the properties of the TL dosimeters.  
Chapter 3: This chapter focuses on determining the scattered radiation lens dose received 
during a radiosurgery (SRS) treatment for a single metastasis brain, and the imaging dose 
received during planning-stage CT-scanning in a multi-centre dosimetric audit (20 centres 
in all). Use has been made of a series of small dimension detectors (1.55 mm and less), 
represented by Ge-doped optical fibres SMF and glass beads, with TLD-100 (LiF: Mg,Ti) 
as controls. All of the detectors were retained inside reproducible TLD holders, to be 
included in a bespoke 3D-printed goggle insert produced for the custom-made 
anthropomorphic head phantom. The work involves investigation of several types of 
stereotactic radiosurgery (SRS) machines and techniques, including the following 
commercially available systems: Gamma Knife, the linac-based systems, Novalis and 
Cyberknife. Such techniques also use imaging modalities that include computed 
tomography (CT) in localizing SRS targets.  
Chapter 4: This chapter investigates the performance of Ge-doped silica 
thermoluminescent dosimeters in diagnostic applications, using a range of doses familiar 
in chest x-ray imaging (from 0.1- to 10 mGy). Use has been made of tailor-made doped 
photonic crystal fibres (PCFc) the subscript standing for ‘collapsed’, a matter to be 
discussed within the Chapter. Use has also been made of Ge-doped fibres, fibres co-doped 
with boron and Ge-doped silica telecommunication fibres (SMF). Comparison has been 
made against the LiF (Mg,Ti) phosphors dosimeters, type TLD-100,  that are popular in 
medical applications. Characterisation of these dosimeters has been made in terms of dose 
response, energy dependence, sensitivity and fading.  
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Chapter 5: This chapter examines the performance of novel tailor-made GeB doped Flat 
Fibres (FF) and Ge-doped disc shaped glass to detect the typically low levels of radiation 
dose involved in diagnostic procedures (from fractions of a mGy through to several mGy 
or more), the commonly applied LiF (Mg,Ti) phosphor again being used as a reference. 
The work includes chest, mammography and dental radiology, use has been made of x-
ray tubes located at the Royal Surrey County Hospital. Several studies have been 
performed to examine dose-linearity, energy response, sensitivity, minimum detectable 
level, the glow curve and fading. Furthermore, EDX analysis of elemental makeup has 
been obtained for the several types of tailor-made silica glass. TL yield enhancement has 
been obtained using gold vapour deposition and the results have been compared against 
Monte Carlo code calculations. 
Chapter 6: Work continues here on TL yield enhancement of fibres using a gold coating 
technique, seeking to enhance the response of GeB-FF and Ge-doped disc-shaped fibres, 
measurements and MC simulations being compared. Moreover, comparison is made 
between two sensitive forms of GeB-FFs, used in chest, mammography and dental 
radiography, assessing TL yield enhancement resulting from applying greater pressure 
reduction during the fabrication of the GeB-FF. 
Chapter 7: Chapter 7 provides the conclusions to the research, also including suggestions 
for potential future work.  
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Chapter 2 
2 Literature Review and Underpinning 
Theory:  
2.1 Literature Review and Underpinning Theory 
Be it in diagnostic or radiotherapy applications, progress towards developments of more 
versatile means for radiation dosimetry are finding ever increasing importance, 
worldwide there being continuing efforts towards further enhancing benefits over risks. 
In diagnostic radiology, with linkages between international agencies providing expert 
advice (e.g. the UN agency, the IAEA) and national legislature, the radiation doses to 
patients and staff are typically well controlled, guarding against deterministic effects and 
seeking minimisation of risk of cancer induction. Major physical needs are for highly 
efficient imaging devices and high output x-ray tubes (eg in provision of real-time cardiac 
imaging or avoidance of image aberrations, in particular movement aberrations in 
radiography). In use of such efficient facilities, allowing highly advanced diagnostic 
procedures, protecting the particularly radiation sensitive parts the body such as the lens 
of the eye has become a focus of efforts. In therapeutic applications, recent years have 
witnessed fine beams provision for therapies such as radiosurgery. Here one confronts 
the need for high spatial resolution dosimetry of wide dynamic range, accommodating 
steep dose gradients and the possibility for 3D evaluations in seeking to avoid critical 
structures. Of central importance is the so-called therapeutic ratio, with continuing efforts 
towards enhancing tumour eradication while minimising damage to healthy tissues 
(Beasley et al., 2005). 
In regard to the above, there is need for high performance dosimetric systems, in recent 
years for example a range of research being carried out on the TL response of silica optical 
fibres, interest being in the additional benefits these forms bring over that of conventional 
TLDs. Studies have been performed using different types of radiation such as electrons 
(Hashim et al., 2009; Hashim et al., 2015; Abdul Rahman et al., 2011), photons (Noor et 
al., 2010), protons (Hashim et al., 2006), alpha particles (Ramli et al., 2009) etc, most 
 11 
typically at doses reflective of levels witnessed in radiotherapy. Results show there to be 
great potential in use of such TLDs in detection of ionizing radiation at the particular 
energies and dose levels. In addition, due to their property of being water-resistant, optical 
fibres can be used in intercavitary and interstitial measurements, and they offer high 
spatial resolution due to their small size (Abdul Rahman et al., 2011). 
In regard to radiotherapy, in more recent years technical advances and developments in 
the methods of dose delivery have been introduced, typically moving the demands on 
dosimetry towards ever-greater complexity. This has included intensity modulated 
radiotherapy (IMRT) and image-guided radiation therapy (IGRT), giving rise to more 
complex treatment plans, delivering precise localisation of elevated dose (referred to as 
dose escalation) to the target while avoiding surrounding normal tissues. To achieve this 
goal, detailed treatment plans along with more accurate dosimetric methods are extremely 
important. There is little doubt that even small errors in dose localisation (at the level of 
sub mm) and dosimetric verification of the treatment plans could defeat the entire purpose 
of the radiotherapy, namely to achieve better tumour control (International Commission 
on Radiological Protection, 2011). In regard to imaging applications of ionising radiations 
and the various techniques, recent years have witnessed enormous efforts towards 
enhancing technique sensitivity (the probability of ruling in the presence of disease or 
abnormality in the presence of disease/abnormality) and specificity (the probability of 
ruling out the presence of disease or abnormality in the absence of disease/abnormality) 
(Deeks et al. 2004). Associated with such efforts have been parallel efforts towards 
keeping the doses to the least possible, at the same time avoiding negative impact on 
diagnostic fidelity (Moores, 2009). The doses not only concern that to the primary site of 
investigation in the patient but also scattered dose to sensitive organs (as for example the 
eyes) of both patient and medical staff (Cousins et al., 2013). 
Study has been performed by previous groups in investigating several dosimetric 
properties for five different core sized Ge-doped silica optical fibres that have been 
fabricated via the Modified Chemical Vapour Deposition (MCVD) and fibre pulling 
processes (These will be discussed in detail later). The fibre-samples had core and 
cladding diameters of 20/120 μm, 40/241 μm, 60/362 μm, 80/483 μm and 100/604 μm 
respectively. The results have indicated that all of the fibres offered linear dose response, 
also being capable of being re-used many times without noticeable alteration in TL 
response. In addition, at some 20%, the degree of TL signal fading over 15 days was 
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deemed acceptable for applications. In terms of sensitivity, as anticipated, the best 
response was for the largest core optical fibre (100 µm), being 2.6, 2.0, 1.6 and 1.1 times 
that of 20 μm, 40 μm, 60 μm and 80 μm core size optical fibres respectively and 4.0 times 
that of commercial multimode Ge-doped optical fibre (MMF) (Begum et al., 2015b). 
While the effective atomic number of these fibres are greater than the effective atomic 
number of soft tissues (the former being in the range 13.3 to 13.7), nevertheless they are 
within the range of bony tissues, of around 13 (Begum et al., 2015b). 
As a result of the promising characteristics of Ge-doped optical fibres, including their 
high spatial resolution of about 120 μm, large dynamic dose range, good re-usability and 
reproducibility, dose-rate independence and relatively low fading, they have also been 
investigated for brachytherapy verification (Issa et al. 2012), in addition to external beam 
utilisations. As with external beam treatments, the intent of brachytherapy is to deliver a 
high dose to the target volume while also avoiding the normal surrounding structures, this 
time however with the sources placed in close/intimate contact with the tumour/tumour 
bed. In regard to dosimetric needs, a particular challenge here apart from an ability to 
make in vivo measurements, concerns the very steep dose gradients, being the main 
positive feature of brachytherapy. Thus said, this can also lead to limited accurate 
determinations for dose distribution around sources. In previous work at Surrey, Ge-
doped optical fibres were used to determine the dose distribution around a Low Dose Rate 
(LDR) I-125 seed (model 6711) and a High Dose Rate (HDR) Ir-192 source (a source 
commonly used in brachytherapy to treat prostate cancer) (Issa et al. 2011; Issa et al. 
2012a; Issa et al. 2012b; Palmer et al. 2013). The results showed that as a result of their 
small size as well as the high sensitivity and spatial resolution, Ge-doped optical fibres 
dosimeters could provide high accuracy percentage depth dose (PDD) measurements for 
small field sized applicators (Bradley, 2012). 
 
In addition to the foregoing, studies have also been performed using commercially 
produced Ge-doped telecommunication fibres of 125mm unclad diameter for dose 
measurements in synchrotron microbeam radiotherapy. The results demonstrate linear 
response within the dose range 1 Gy to 2 kGy, being shown to be useful dosimeters for 
such application where the entrance doses are typically < 2 kGy (Abdulrahman et al, 
2010), being also of pertinence for growing interests in the conduct of radiosurgery 
(Dimitriadis et al., 2016; Dimitriadis et al., 2017). Ge-doped fibres have been used for in 
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vitro dosimetric measurements of the (3D) dose distribution in intensity-modulated 
radiotherapy (IMRT). In one study, the Varian Eclipse treatment planning system was 
employed for two patients who were diagnosed with prostate cancer (Noor et al., 2010). 
Measurements were obtained at nominal energies of 6 MV and 15 MV, use being made 
of a Rando phantom (The Phantom Laboratory, Salem, NY) version ARTF 1025. The TL 
response of the Ge-doped optical fibres were compared to that for the well-established 
TL lithium fluoride (LiF) dosimetry system (Harshaw TLD-100). At 6 MV, results 
showed the Ge- doped optical fibres to be in good agreement with TLD-100 values, no 
difference being found between the Ge-doped fibre and TLD-100 measurements, either 
in- or out-of-field. However, significant difference was found between these two 
dosimeters at 15 MV for the out-of-field measurements, related to the presence 7.5% 6Li 
in the TLD-100, which increases the thermal neutron absorption cross-section. The study 
illustrated the Ge-doped optical fibres TL dosimeters to provide good potential when used 
in IMRT radiotherapy at 6 MV, also showing the importance of correcting their response 
to neutrons when using at 15 MV irradiations (Noor et al., 2010).  
 
Studies have also compared the performance of Photonic Crystal Fibre in the collapsed 
and uncollapsed state (PCF-collapsed, uncollapsed PCF ) (The detailed descriptions of 
fabrications of these detectors will be discussed later in this chapter) and a conventional 
~ 20-μm-core-diameter optical fibre in use in interventional radiology procedures, also 
with doses ranging from 0.2 mGy up to 10 Gy with use of x-ray tube energies generated 
at 40 kVp to 125 kVp and 6 MeV electron and 6 MV photon beams (Mahdiraji et al., 
2015). All were fabricated from the same Ge-doped preforms, the results showing that 
the TL yield of the PCF-collapsed and PCF-uncollapsed were more than 16 and 4 times 
that of normal optical fibre respectively. The results indicated that PCF-collapsed could 
detect a dose as low as 0.6 mGy, pointing to their potential use as dosimeters for 
diagnostic applications. Further study has been carried out by (Sani et al., 2016) in 
investigating the dose linearity and energy response of two types of co-doped fibre, Ge-
B-PCF (collapsed) and Ge-Br-PCF (collapsed), as well as Ge-PCF (collapsed), Ge-PCF 
(uncollapsed), Ge-SMF and Ge- Flat fibre ( Ge-FF ) (The detailed descriptions of 
fabrications of these fibres will be discussed in more detail later in this chapter), in 
comparison to that of TLD-100 irradiated in a 60 kVp X-ray beam for doses in the range 
2 cGy to 50 Gy. The dosimeters showed good linearity of response up to the 50 Gy dose, 
the one exception being the Ge-Br-PCF (collapsed) that produced a linear response over 
 14 
the more limited dose range 2 cGy to 25 Gy. The pre-saturation range of TL yield was 
observed to be up to 50 Gy with a correlation coefficient of 0.8945. The greatest low dose 
TL sensitivity was that for Ge-B-PCF (collapsed), a matter that has been found to be in 
line with results produced in this thesis. A noticeable reduction has been observed in TL 
yield with increase in nominal photon energy through use of accelerating potentials of 80 
kVp, 140 kVp, 250 kVp and 6 MV, being a result of the lower mass energy absorption 
coefficient at the more elevated photon energies (Sani et al., 2016). 
Study has also been performed on flat fibres in measuring the low doses experienced in 
diagnostic application, use being made of x-rays generated at 70 kVp (Ramli et al., 2015).  
The fibres, exposed to doses from 0.02 mGy to 3 Gy, indicated good linearity, albeit with 
notable energy-dependent response for photons generated at potentials from 40 kVp to 
150 kVp as expected. In what is to follow, review is made of the various photon 
interactions that occur in performance of irradiations, the focus being on dose deposition. 
2.2 Interactions of radiation with matter 
In medical applications, the measurement of radiation is based on the interaction of 
radiation with matter, each type of radiation interacting with matter differently.  In 
radiotherapy, tissue is typically irradiated with photons (x- or γ rays) or charged particles, 
most prevalently electrons, but also protons, carbon ions and neutrons and more recently 
alpha particles, being used to kill malignant cells or avoid their spread. Radiation interacts 
with matter (tissue) in various ways, but it is important to focus on the various interaction 
mechanisms that are of significance in radiation measurements. In the following, these 
interactions will be reviewed. 
2.2.1 Interactions of Photons with Matter: 
In regard to the interactions of photons with matter, a number of primary and secondary 
interaction mechanisms pertain. Of these, only three interaction mechanisms can be 
considered to be of significance for the majority of radiation measurements made in 
medicine (Figure 2.1). The photoelectric effect, , occurs in the low energy x- and 
gamma-ray regime (up to several hundred keV) while Compton scattering, , is the more 
likely process over the range of energies that bound the photoelectric effect and pair-
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production interaction, k; the latter occurs at photon energies of 1.022 MeV and more and 
only takes on importance for tissues at above 5-10 MeV (Knoll, 2000). 
 
Figure 2-1The three major types of x- and gamma-ray interaction (Knoll, 2000); see text for 
meaning of the symbols. 
When a beam of photons travels through media it is attenuated. The value of the linear 
attenuation coefficient, μ, of photons in an attenuating medium relies on several factors, 
including photon energy, the atomic number of the attenuating medium and the physical 
state of the absorber medium (most particularly its density,). The linear attenuation 
coefficient is important as the statistical expression of the total probability per unit path 
length of a photon interacting with an atom as it penetrates the attenuating medium, as in 
equation 2-1.  
2-1 Eq  I = I0  e -μx 
where I is the intensity of photons transmitted across path length x, I0 is the initial photon 
intensity, μ expresses the linear attenuation coefficient and the negative sign shows that 
the intensity I decreases as x increases (see for instance, Podgorsak, 2005). 
2.2.2 X Photoelectric Absorption: 
The photoelectric absorption process results from the interactions of photons with the 
strongly bound orbital electrons of absorber atoms (those of the K, L, M, N-orbits) (Khan, 
2003). In this process the incident photon is entirely absorbed by the electron (the latter 
being known as the photoelectron), with the electron being ejected from the atom with 
energy Ee , given by the following equation:                   
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2-2 Eq 
  
  
where Eb is the binding energy of the photoelectron in its original orbit and hν is the 
energy of the incident photon (Knoll, 2000). Figure. 2.2 illustrates the photoelectric 
absorption interaction process. 
 
Figure 2-2 Diagram demonstating photoelectric absorption process 
As a result of the photoelectron emission, a vacancy is made in the electron shell. This 
vacancy is quickly occupied by capturing a free electron from the medium or through use 
of electrons that reside in the other shells of the atom. Consequently, one or more 
characteristic x-rays might be emitted (Knoll, 2000). Auger electrons can also be created, 
these being mono-energetic electrons produced through absorption of characteristic x-
rays and subsequent outer-shell electron release from the atom (Khan, 2003). For this to 
occur, the energy of incident photons should be greater than the binding energy in the 
atom. Photoelectric absorption predominates for low energy photon interactions and 
increases with atomic number, Z, of the absorber materials. The probability of 
photoelectric interactions is typically expressed by the following relation (Khan, 2003).   
   
2-3 Eq       
τ/(  ρ)     ∝     Z3/(hv3 )
 
 
where 𝜏/𝜌 is the mass photoelectric attenuation coefficient and h𝑣 is the energy of the 
incident photon. 
E
e
=hn -E
b
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2.2.3 Compton Scattering: 
The inelastic Compton scattering process occurs when a photon interacts with an orbital 
electron of the medium. A part of the incident photon energy is transferred to the electron, 
this photon scattering at an angle θ with respect to its original path. The electron that 
receives a portion of the photon energy is known as the recoil electron and is emitted at 
an angle φ (Fig 2-3). The energy given to the electron can be from zero up to a large 
fraction of the incident photon energy while the scattering angle of the outgoing photon 
can be at any angle (Knoll, 2000), with a probability given by the Klein-Nishina cross-
section. The larger the angle through which the photon is scattered the less the energy 
shared with the recoil electron. Energy and momentum are conserved in this interaction, 
relying on the angle of scattering and not the nature of the scattering medium. 
 
Figure 2-3 diagram demonstrating the Compton scattering process ( Khan,2003) 
Using the symbols in the figure and applying the laws of conservation of energy and 
momentum, the scattered photon energy is given by:  
2-4 Eq    ℎ𝑣′ =  
ℎ𝑣
1+
ℎ𝑣
𝑚𝑜 𝑐2 
(1−𝑐𝑜𝑠𝜃)
  
where, 𝑚0𝑐2 is the rest mass energy of the electron, 511 keV. The incident photon 
transfers very little energy when the scattering angle θ is very small while the electrons 
will receive the maximum possible energy from the incident photon if the scattering angle 
is 180°. The angular distribution of scattered photons can be calculated using the Klein-
Nishina formula (Knoll, 2000).  
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It is worth mentioning that Compton scattering occurs when the energy of the photon is 
equal or exceeds the binding energy of the electron, also varying in probability as the 
energy of the photon increases, with photoelectric absorption decreasing and Compton 
scattering increasing. While the variation in Compton scattering is independent of the 
atomic number Z, the Compton mass attenuation coefficient (σ/ρ), does depend on the 
number of electrons per gram (Khan, 2003). 
2.2.4 Pair production:  
Pair production (Fig. 2.4) can occur if the incident photon energy is greater than or equal 
to twice the electron rest-mass energy (511 keV). In pair production, the photon interacts 
with the electromagnetic field of the atomic nucleus, the photon disappearing with two 
electronic particles created; ie the electron-positron pair (e-) (e+). The threshold energy 
for the process to take place is 1.022 MeV. For photon energy exceeding this threshold 
value, the excess energy is shared between the two particles as kinetic energy (Khan, 
2003). 
 
Figure 2-4 A schematic diagram demonstrates the pair production process (Khan, 2003) 
The positron quickly annihilates with an electron and two photons with energy 511 keV 
each are emitted in opposite directions; this process is known as annihilation, depicted in 
figure 2.5. 
 
Figure 2-5 Diagram shows the production of annihilation radiation (Khan 2003). 
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The probability of the pair production interaction relies strongly on the atomic number Z, 
increasing as the square of Z, also increasing as the photon energy increases above the 
threshold energy. The pair production process results from interaction with the 
electromagnetic field of an atomic nucleus rather than the orbital electrons (Khan, 2003). 
2.2.5  Photonuclear interaction:  
The photonuclear interactions occur if the photon energy exceeds the threshold energy 
for emission of a nucleon, the associated separation energy being an inherent nuclear 
characteristic of each nuclide. As the result of photonuclear interactions, secondary 
radiation, such as neutrons, protons and alphas, are generated. These particles are called 
photo-neutrons, photo-protons, and photo-alphas.   
2.2.6 Rayleigh scattering: 
Rayleigh scattering, the fourth primary photon interaction process with the electrons of 
an atom, is an elastic scattering mechanism. Occurring when the radius of the target is 
less than the wavelength of the incident photon, the theory of this scattering process was 
first proposed by Lord Rayleigh in 1871. The wavelength of a Rayleigh scattered photon 
is essentially that of the wavelength of the incident photon, with the implication that the 
energy transferred during this process is extremely small. This phenomenon predominates 
as an elastic scattering process for x-rays and low-energy γ-rays. The cross section for 
this process is inversely proportional to the fourth power of the wavelength of the incident 
photon and can be written as  
2-5 Eq    𝜎𝑟𝑦 =    
8𝜋𝑎6
3
[
2𝜋𝑛𝑚
𝜆0
]
4
 [
𝑚2−1
𝑚2 +1
]
2
 
Where λ0 is the wavelength of the incident photon, a is the radius of the target particle, 
and   m =  
𝑛𝑠
𝑛𝑚⁄  is the ratio of the index of refraction of the target particle to that of the 
surrounding medium (Syed, 2014). 
2.3 Interactions of Electrons with Matter: 
As energetic electrons penetrate into matter, they interact with the medium through 
Coulomb interactions with orbital electrons and nuclei of the atoms of the target. 
However, during  collisions there are two possibilities; either the electrons can lose their 
kinetic energy (through collision or radiative losses) or by changing their direction of 
 20 
travel (i.e. scattering). The stopping power is used to describe the energy losses of the 
former, while scattering power is used to describe the scattering losses. Electrons that 
have been set into motion through radiation interactions go on to subsequently interact 
with orbital electrons or the nuclei of atoms, suffering elastic or inelastic collisions. In an 
elastic collision, the incident electron changes its direction and is deflected from its 
original path without loss of energy (elastic scattering), while in an inelastic collision the 
electron is deviated from its initial track and some of its energy is transferred to an orbital 
electron or released in the form of bremsstrahlung (Khan, 2003; Podgorsak, 2005). 
2.4 Interaction of protons with matter: 
When such a heavy charged particle passes through a medium, it can interact through the 
electromagnetic force with the electrons or nuclei of the medium. In the case of the proton, 
the interaction occurs mainly through Coulomb forces between the positive charge and 
the negative charge of the orbital electrons within the absorber atoms. As the particles 
penetrate the absorber medium, each electron of the medium feels an impulse resulting 
from the attractive Coulomb force as the particles pass through. This either causes 
excitation of the electrons to higher energy levels within the absorber atom or ionization 
of atoms when an electron is completely ejected from the atom. In these interactions the 
energy of a charged particle suffers losses to the electrons and consequently its velocity 
is reduced. The maximum energy 𝐸𝑚𝑎𝑥  that can be transmitted from a charged particle 
to an electron is given by the equation  
2-6 Eq    𝐸𝑚𝑎𝑥    =   
𝐸 𝑚0
𝑚
 
where E is the kinetic energy of an electron of mass 𝑚𝑜, and m is the charged particle 
mass. The maximum energy transfer in an interaction is about 1/500 of the charged 
particle energy per nucleon (Knoll, 2000).  
In the absorber medium, many interactions occur between the charged particle and the 
electrons along its path, resulting in losses in total energy, after which it eventually stops. 
The heavy charged particles by virtue of their mass move along a relatively straight path 
through matter, not being greatly deflected by any one collision in their slowing down 
process. Therefore, the range (the distance beyond which no particle will penetrate in a 
given absorber material) of charged particles will be well defined. The linear stopping 
power S can be defined as the specific energy loss (per unit path length). For charged 
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particles in a given absorber, energy loss is expressed as the differential energy loss (dE) 
for that particle within the material divided by the corresponding path length (dx):  
2-7 Eq    𝑆 =  −
𝑑𝐸
𝑑𝑋
 
The Bethe formula, the classical expression describing the specific energy loss, is written 
as:  
 
2-8 Eq  −
𝑑𝐸
𝑑𝑋
=
4 𝜋𝑒4𝑧2
𝑚0 𝑣2
 𝑁𝐵 
 
where v and z are the velocity and charge of the primary particle, m0 is the electron rest 
mass, e is the electronic charge, N and Z are the number density and the atomic number 
of the target atoms respectively where B is given by equation 2.9 (Knoll, 2000), as 
follows: 
                     2-9 Eq   B ≡ Z [ln
2 𝑚0     𝑣
2
𝐼
 − ln (1 − 
𝑣2
𝑐2
) − 
𝑣2
𝑐2
] 
2.5 Transmission of X ray and gamma–ray beams through body 
tissues: 
In diagnostic applications, when a beam of x or gamma rays interact with matter, two 
primary attenuation processes predominate, photo-electronic absorption and Compton 
scattering, also noting that living tissues are composed mainly of low atomic number 
matter, in the range 1 (hydrogen) to 20 (calcium). It is known that different types of inert 
material attenuate radiation differently according to the values of their attenuation 
coefficients. Likewise, different body tissues also have different total attenuation 
coefficients, attenuating x- or gamma-rays differentially, as reviewed in the foregoing 
sections of this chapter. The total proton number (Z) of specific substance manifestly 
affects the value of its attenuation coefficients. Because of the presence of different tissue 
chemical components, each has its own value of proton number. To evaluate this for a 
certain tissue, an estimate of the average or effective proton number is made, taking into 
account the presence of each element and its abundance in the tissue. For instance, bone 
has an effective atomic number of close to 13 due to the existence of calcium (Z=20) and 
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phosphorus (Z=15) as well as a number of lighter elements. On the other hand, soft tissue 
such as muscles and adipose tissue (fat), have an effective proton number of about 7 
because of the very low abundance of heavier elements. With these factors taken into 
account, the interaction of x- or gamma-rays with body tissues can be determined to good 
approximation (John Ball, 1979). 
2.6 Radiation protection quantities: 
In realisation of the potential consequences of unnecessary dose, measurement of 
radiation effects need to be performed with accuracy and precision. The effects of 
radiation can be classified into two types, deterministic effects and stochastic effects. The 
total radiation energy deposited in the irradiated matter is measured by the quantity of 
absorbed dose. However, there are other important quantities that are used to measure the 
effect of the absorbed dose on tissues (to be discussed in more detail later in this chapter), 
forming the basis of assessment of potential stochastic radiation damage, not least for 
doses below the threshold for deterministic radiation effects. For radiation protection 
purposes, personal dose should be also measured, taking into account the variables of 
depth dose and skin dose at specific areas of the body surface exposed to radiation. 
Therefore, the personal dose equivalents Hp(10) and Hp(0.07) are introduced, for deep 
and shallow doses respectively. The depth dose Hp(10) is used to estimate effective doses 
in respect of whole body exposures in using penetrating radiation, including organ doses 
of deep organs, while Hp (0.07) is an estimated value for the skin dose (Podgorsak, 2005). 
2.6.1 Absorbed dose: 
The absorbed dose is defined as the measure of energy deposited in a medium by ionizing 
radiation. In the SI system, the unit of absorbed dose is the gray (with the abbreviation 
Gy). The Gy is defined as one joule of energy absorbed per kilogram of matter (1 Gy = 1 
J.kg-1). In both radiation prote 
2.6.2 Equivalent dose: 
Equivalent dose is a dose quantity that takes into account the biological harm to an organ. 
The biological detriment relates not only to the physical average dose received by an 
organ but also on the dose distribution among tissues that result from the radiation type 
and energy. For instance, for the same amount of dose to a certain organ, different 
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radiation types can cause different biological harm (e.g. for the same absorbed dose, 
neutron radiation will cause more damage to tissue compared to gamma rays or electrons). 
This is because greater linear energy transfer radiation, LET (LET measures the dose 
deposition per unit path length), such as the neutron and alpha particle, produce more 
dense, closely spaced radiation events, thus giving rise to a greater probability of 
irreversible damage to the chromosomes and less chance of tissue repair. The equivalent 
dose can be calculated by multiplying the absorbed dose by a radiation weighting factor 
WR in order to determine the effectiveness of the given radiation in producing detrimental 
health effects; the equivalent dose HT is defined as: 
                                                      
2-10 Eq   HT =W R DT ,R 
where: 
DT,R represents the absorbed dose delivered by radiation type R averaged over a tissue or 
organ T and WR is the radiation weighting factor for radiation type R (Podgorsak, 2005). 
Different radiation types have different radiation factors (WR) as shown in the table 
below.  The radiation weighting factor (WR) is a dimensionless factor seeking to provide 
the equivalent dose from a particular absorbed dose averaged over a tissue or organ, based 
on the quality of the particular radiation (ICRP, 2012b). 
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Table 2-1Radiation Weighting Factors, ICRP, 2012b) 
Radiation weighting factors 
Type and Energy range Radiation waiting factor (WR) 
Photons, all energies 1 
Electrons and muons, all energies 1 
Neutrons, energy < 10 keV 
                                             10keV-100 keV 
                                          >100 keV- 2 MeV 
                                            > 2 MeV – 20 MeV 
                             > 20 MeV 
5 
10 
20 
10 
5 
Protons, other than recoil, energy > 2 MeV 5 
Alpha particles, fission fragments, heavy nuclei 20 
 
Because WR is dimensionless, the equivalent dose measured in sievert (Sv) has the same 
units as that of absorbed dose (J/kg). The total equivalent dose HT is the sum of HT,R over 
all radiation types (ICRP, 2012b):  
2-11 Eq HT  =∑ R HT ,R 
2.6.3   Effective dose: 
The quantity ‘effective dose’ takes into account not only the type of radiation but also the 
sensitivities of the body parts affected. In other words, the relationship between the 
probability of stochastic effects and equivalent dose also depends on the organ or tissue 
irradiated. This reveals that for the same equivalent dose, the harm from the exposure of 
different organs or tissues are different (Podgorsak, 2005). To consider these differences, 
tissue weighting factors are required. Specifically, effective dose (E) is the sum of tissue 
equivalent doses, each multiplied by the appropriate tissue-weighting factor WT, 
indicating the combination of different doses to several different tissues being exposed, 
with all stochastic effects associated. It is expressed as: 
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2-12 Eq   E= ∑ T WR WT HT           
where HT is the equivalent dose in an organ or tissue T, and WT is the weighting factor 
for the tissue T. By applying the tissue-weighting factor (WT), the equivalent dose in a 
tissue or organ is weighted to determine the relative contributions of that organ or tissue 
to the total detriment caused by uniform irradiation of the whole body. Table 2 below 
(ICRP, 1991) represents tissue- weighting factors for some representative organs. 
Effective dose is the weighted sum of tissue-equivalent dose; therefore, both quantities 
need to have the same unit, which is J/kg with the special name sievert (Sv) (ICRP, 1991). 
 
Table 2-2 Tissue weighting factors (ICRP, 1991) 
Tissue weighting factors 
Tissue or organ (WT), ∑ WT 
Gonads 0.20 0.20 
Red marrow, colon, lung, stomach 0.12 0.48 
Bladder, breast, liver, oesophagus, 
thyroid, remainder 
0.05 0.30 
Skin, bone surface 0.01 0.02 
 Total 1.0 
 
2.6.4 Committed dose: 
This is a quantity that measures the dose received by body due to an intake of 
radionuclides, during a period of time in which they remain in the body. In medical 
diagnoses, this typically refers to the area known as Nuclear Medicine. The total dose 
delivered during this period of time is known as the committed dose. 
2.6.5 Population Dose 
The average effective dose per examination is used to determine Population Dose. 
Population Dose is generally reported as the annual Collective Effective Dose in units of 
manSv and Dose per Capita (Hart et al., 2003). The collective dose is defined as the sum 
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of the average effective dose for each type of clinical examination multiplied by the 
frequency of each examination (Hart et al.2002). 
2.6.6 Organ dose: 
Organ dose is defined as the absorbed radiation energy from ionizing radiation to an organ 
per unit organ mass. While organ doses cannot be measured directly in a patient, it can 
be assessed by using anthropomorphic patient models, such as phantoms or Monte Carlo 
simulations. Organ dose can be estimated based on measurable dose quantities such as air 
kerma (air is the absorbing medium in air kerma) (Gao et al., 2017). 
2.6.7 Diagnostic reference level (DRL): 
Diagnostic reference level (DRL) refers to dose levels in medical diagnostic examinations 
that use external sources of ionizing radiation or radioactive materials, being used to 
determine under routine conditions whether patient dose or levels of activity of radio-
pharmaceuticals from a specified procedure are not exceeded or are lower than the 
standard level of dose for that procedure (Vañó et al.,2017). 
2.6.8 KERMA: 
The acronym KERMA (often for convenience written simply as kerma) stands for the 
kinetic energy released to a medium per unit mass. It is a physical quantity that measures 
the amount of energy of all charged particles (electrons) released by uncharged particles 
(photons) per unit mass of the matter. It is measured using the same unit as that in 
measurement of absorbed dose, namely J/kg or Gy. Despite KERMA being related to 
absorbed dose, it is not the same. KERMA is used to determine a radiation field while 
absorbed dose is used to the effects of radiation. One of the main differences is related to 
the place of interest, for KERMA it relates to the position where energy is transmitted 
from uncharged to charged particles under conditions of electronic equilibrium, however 
for absorbed dose the position of interest is where the kinetic energy of charged particles 
is released. It is expressed as: 
2-13 Eq   𝐾 =  
𝑑𝐸𝑘𝑖𝑛
𝑑𝑚
 
where dEkin is the kinetic energy of the charges produces as a result of radiation interaction 
and dm  is the mass of the material  (Syed, 2014). 
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2.6.9 Properties of Dosimeters: 
Here we begin a discourse on dosimetry, with deposition of dose at the energies of interest 
herein resulting from the atomic phenomena discussed above. Several properties of ideal 
dosimeters are used in evaluating the performance of real systems, including in regard to 
their dose response, energy response, angular response, linearity, stability, reproducibility 
and environmental dependencies (pressure, temperature and humidity). It is worth 
mentioning that a good dosimeter will display a number of essential characteristics, 
including: small directional dependence, large dynamic range (ideally linear response 
with dose over a wide range), small dose- and dose-rate dependence, high spatial 
resolution and flat energy response (McKinlay, 1981). 
2.6.9.1 Accuracy and precision: 
Accurate dosimetry using high precision dosimetric systems is essential to radiotherapy 
treatment efficacy. However, measurements always involve a degree of inaccuracy and 
imprecision, recognised as the uncertainty of the measurement. By accuracy is meant the 
proximity of a dosimetric measurement mean value to the true value of the measured 
quantity, with calibrations being made against suitable standards (ones traceable back to 
a Standards laboratory, such as those of the NPL (UK), NIST (USA), PTB (Germany) 
and BIPM (based in France), often via Secondary Standards Dosimetry Labs, such as 
those recognised and supported by the IAEA). Results of measurements can never be 
perfectly accurate nor can they be entirely precise, the quality of the results also including 
a measure of the level of precision. By precision is meant the reproducibility of the 
measurements under the same conditions, evaluated by repeated measurements. High 
precision is associated with a small standard deviation of the distribution of the 
measurement results. Typically this reflects on the suitability (and most generally the 
sensitivity) of a particular system of measurement. 
2.6.9.2 Linearity: 
Ideally, the radiation dosimeter response should be directly proportional to the radiation 
dose, termed the linearity. However, beyond a certain dose range non-linear behaviour is 
certainly to be expected, the manifestation of the non-linearity depending on the type of 
dosimeter and its physical properties. In such circumstances, within a small fraction of 
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the original value, non-linearity correction might be applied, using a calibration curve for 
the dosimeter. 
2.6.9.3 Consistency: 
An ideal dosimeter should show stability under different irradiation conditions such as in 
regard to single radiation dose or accumulated dose evaluations, dose-rate, and the 
thermal and humidity condition. For beam profiles, percentage depth dose (PDD) and 
tissue phantom ratio (TPR) measurements, this is usually not a problem, but it is important 
when output factors from irradiating apparatus are measured. To check the detector 
stability, the detector must periodically be cross-calibrated against other suitable forms 
of dosimetry. 
2.6.9.4 Minimum detectable dose 
The detection limit indicates the minimum true value of the measured quantity that can 
be detected with a given probability of error. For instance, in low dose applications, it is 
essential that the detector is able to determine a value above the background signal. The 
minimum detection limit depends on the intrinsic sensitivity of the detector material, the 
detector size, the sensitivity of the TL reader, the thermal treatments and irradiation 
history (McKeever, 1985). Knowledge of the minimum detectable dose (the threshold 
dose) is important, especially when measurements are made for low doses (e.g. doses just 
above environmental radiation background) (Hashim, 2009). It is the typical practice to 
consider this to be that value which is factored on the standard deviation on the 
background value, sometimes referred to as the Currie limit (Currie, 1999):  
2-14 Eq   LD = LC  + 1.645 D;  with D = B + 0.04LD; 
Where: 
LD is the detection limit, LC is the critical value, D is the standard deviation at the 
detection limit and B is the standard deviation of the background  
In TL work, the minimum detectable dose of dosimeters is also commonly estimated 
using the expression: 
2-15 Eq   B̄=2σB 
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where B̄  is the average TL background signal acquired from annealed samples but not 
irradiated and σB is the standard deviation of the average background. 
In the work herein, the minimum detectable dose has been determined using form 2.13, 
while  the threshold dose has then been derived as:   
2-16 Eq   D0 = (B + 2σB ) F 
where F is the calibration factor, expressed in Gy/TL (Furetta, 2001). 
2.6.9.5 Energy dependence: 
Ideally, the energy response for a certain dosimeter should be a function of radiation beam 
qualities. Thus, an ideal detector response should be consistent and independent of the 
energy over a specific range of dosimeters. However, in reality the dosimeter is calibrated 
at a certain radiation beam quality and used over a wide range of energy. Therefore, 
energy correction is applied to determine the quantity for most measurement situations 
(McKeever, 1985). In radiotherapy specifically, the measurements obtained are the dose 
to water (or to tissue) )Al-Ahbabi et al., 2012).  
As no detector is truly water or tissue equivalent for all radiation beam qualities, the 
energy dependence is an essential characteristic of a dosimetry system. Since the TL yield 
of a TL material is proportional to the energy originally absorbed by the TL material (i.e. 
the dose, in this case to the TL material), it is important to assess the absorption coefficient 
of a material with radiation energy. For photon irradiations (x- or γ-rays), this assessment 
is known as the photon energy response S(E) of the system, defined by calculation of the 
ratio of the mass energy absorption coefficient for the material (
𝜇𝑒𝑛
𝜌⁄ )
𝑚
 to the mass 
energy absorption coefficient of the reference material; air or tissue (
𝜇𝑒𝑛
𝜌⁄ )
𝑟𝑒𝑓
 where 
𝜇𝑒𝑛 is the linear absorption coefficient and ρ is the density (McKeever, 1985): 
2-17 Eq     S(E) =  (
μen
ρ⁄ )
m 
/ (
μen
ρ⁄ ) 
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The mass energy absorption coefficient is dependent on the various mediating loss 
processes, including the photoelectric effect, Compton scattering and pair production. 
Each depends on the energy of the radiation and the atomic number (Z) of the material 
irradiated (McKeever, 1985). Other processes that carry energy away from the site of 
local dose deposition, notably bremsstrahlung, are taken into account in the mass energy 
absorption coefficient. It is desirable for a dosimeter to have a constant energy response 
over a large range of energy, thus low-Z dosimeter materials are preferable, the general 
preference to be seeking a close match with the effective atomic number of soft tissues 
(with effective atomic number, Zeff ~ 7.4), then expressed as a tissue equivalent dosimeter. 
For instance, for the three differing effective atomic number (Zeff) materials, CaF2 
(calcium fluoride), CaSO4 (calcium sulphate), LiF (lithium fluoride), these have effective 
atomic numbers of 16.9, 15.6 and 8.14, respectively; the desirable energy response is that 
for the lowest Zeff among these, LiF. 
 
 
 
Figure 2-6 Relative energy response versus photon energy for LiF (Zeff = 8.14), CaF2 (Zeff =16.3), 
and a theoretical material of Zeff = 55. relative to air (McKeever, 1985). 
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2.6.9.6 Directional dependence: 
The dosimeter response may vary depending on the angle at which the incident radiation 
impinges on the detector, expressed as directional or angular dependence of the 
dosimeter. Several factors can be a reason for the directional dependence, including 
physical size, dosimeter construction and the range and energy of incident radiation 
(Izewska and Rajan, 2005). In some rotational delivery applications such as volumetric 
arc therapy (VMAT), angular independence of the dosimeter becomes an essential 
characteristic for the dosimeter.   
2.6.9.7 Spatial resolution and physical size: 
Ideally, for radiotherapy the dosimeter should be a point-like detector, allowing definition 
of dose over a very small volume. While conventional TLD dosimeters have limited size 
(typically some several mm), to some extent approximating a point measurement, film 
dosimeters and gels respectively provide excellent 2D and 3D resolution (sometimes 
down to < m level), the ‘point’ measurement restricted in particular by the resolution of 
the readout system (eg the beam diameter in light-beam interrogation). In regard to 
ionization chambers, these have a finite size in providing for the required sensitivity. 
Although catered for to a certain extent by the relatively new pin-point micro-chambers, 
nevertheless with voltages of several hundred volts applied to them they are unsuited to 
in-vivo measurements. Localised dose determination should be well defined by reference 
to a co-ordinate system eg the Cartesian x, y, z system. 
2.6.9.8 Dose Rate Dependence:  
A desirable property of dosimeter response is to be independent of dose-rate. If the 
response depends on dose-rate, then appropriate corrections would need to be made 
(McKeever, 1985). In radiotherapy applications dosimeters should be able to measure the 
integral dose independent of the dose-rate (in external beam therapy, dose-rates of 400 
cGy/min are common although differences of a factor of two on either side can occur, 
depending on applications such as whole- and hemi-body irradiations).   
2.6.9.9 Readout and use convenience: 
Dosimeter readout can be direct (e.g. ionization chambers and diodes, referred to as active 
devices), or indirectly, referred to as passive dosimeters, e.g. TLDs, films, etc. in which 
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read-out is carried out after due processing following irradiation. It is desirable to have 
dosimeters offering both integral and differential modes in order to have information 
about the total dose as well as the beam intensity and duration of exposure. 
2.6.9.10 Fading and Stability: 
Dose values measured by TL materials (insulators or semi-conductor materials, ideally 
transparent to the wavelength of light given off) correspond to the number of electrons 
trapped in the different trapping levels. Fading refers to the inadvertent loss of TL signal 
occurring both during irradiation and also between irradiation and readout (McKinlay, 
1981), depending on to a large extent upon the depth of traps and storage temperature. As 
such, it is important to characterise the stability of the dosimeter within the environment 
in which the dosimeter is used. Light exposure (optical fading) and heat exposure (thermal 
fading) are the dominating influencing factors. Thermal fading takes place in particular if 
the traps are shallow such that room temperatures can stimulate release of the trapped 
electrons (McKeever, 1985). These find direct associations with the low temperature 
peaks of the glow curve. In order to minimize such effects, it is desirable for the dosimeter 
to be characterized by a glow-curve with a peak at around 200- to 250°C. The magnitude 
of fading can be reduced via pre-irradiation annealing (McKeever, 1985). 
2.7 Silica-based thermoluminescence dosimeters: 
2.7.1 Structure of Silica Amorphous SiO2: 
With the present work being entirely on doped silica dosimeters, it is important here to 
review some pertinent physical characteristics of silica. Silica consists of an oxide of 
silicon, SiO2. Silica can be amorphous but can also exist in crystalline forms, the most 
common of which are α-quartz, β-quartz, and tridymite. Quartz, the second most abundant 
mineral in the earths’  
crust, consists of a continuous framework of SiO4 tetrahedral molecular arrangements (Si 
as a central atom, bonded to four oxygen atoms (figure 2.7); each oxygen atom is 
covalently bonded to two silicon atoms (each oxygen atom being shared between two 
tetrahedra) to produce SiO2 (McKinlay, 1981).   
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Figure 2-7 The basic structure of SiO2 Here d is the Si-O bond length. α is the inter-tetrahedral 
angle, Φ is the tetrahedral angle, and the δ 's are the bond torsion angles (Salh, 
 
Also existing in silica are dislocations and intrinsic point defects; these displace lattice 
atoms and are likely to be near impurities. Due to the difference in the electronegativity 
between silicon and oxygen, a 40% ionic and a 60% covalent bond is produced 
(McKeever, 1985).The covalent nature gives quartz the rigid structure, avoiding 
microscopic diffusion of lattice atoms. Mixed ionic and covalent natural bonds in silica 
give rise to the appearance of two mechanisms in radiation damage; breaking of covalent 
bonds and vacancy and interstitial creation. The majority of the defects caused by ionising 
radiation occur at impurities. Electrons and holes released by radiation can be trapped, 
giving rise to optical absorption and luminescence (McKeever, 1985). 
2.7.2 Defects: 
Defects are generally divided into two categories; intrinsic and extrinsic. Numerous 
intrinsic defects are present in pure silica structures, such as vacancies and interstitial 
centres and broken Si-O bonds. The defects associated with oxygen vacancies, so-called 
E'-centres, are the most common in the description of physical and optical properties; 
figure 2.9 shows one of the E'-centres. The most common defect in silica is due to the 
broken or dangling oxygen bond, this makes atoms with dangling orbitals that are 
occupied by unpaired electrons. The dangling oxygen bonds are potential hole traps, and 
empty Si orbitals can trap electrons. However, irradiation can produce broken bonds. 
Extrinsic defects have been created by adding impurities such as Al and Ge into silica. 
Impurities are the key to the thermoluminescence process as they cause localized energy 
levels within the forbidden energy gap. The existence of the extrinsic defects (impurities), 
 34 
lead to large increase in the sensitivity of thermoluminescence (McKeever, 1985).    
 
 
Figure 2-8 The amorphous structure of glassy silica (SiO2) in two-dimensions. No long-range order 
is present. 
 
Figure 2-9 Model of the E’-centre, consisting of an oxygen vacancy (dotted circle) with an unpaired 
electron located at the Si (I) site (McKeever, 1985). 
 
2.8 Radiation Dosimeters: 
As previously noted, a radiation dosimeter is an instrument or device measuring exposure 
to ionizing radiation, directly (typically referred to as active dosimeters) or indirectly 
(passive dosimeters). These provide for assessment of dosimetric quantities such 
as kerma, absorbed dose, equivalent-dose or dose-rate. Dosimeters should exhibit a 
number of essential characteristics in order to operate effectively, directional 
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independence, competitive accuracy and precision, linearity of response (dose or dose-
rate dependence), a simple energy response and good spatial resolution (Podgorsak, 
2005). In medical applications, ionizing radiation can be measured by different types of 
dosimeter, including ionization-chambers, films, semiconductors (diodes), MOSFETs, 
Gels (e.g. PRESAGETM) and others (Khan, 2003; McKeever, 1985).  
 
In this study, several types of doped silica-based medium are used as TLDs to measure 
the low doses of familiar use in diagnostic radiology applications as well as the scattered 
dose received by critical organs of patients (eyes, thyroid, chest, and pelvis) during 
Gamma Knife radiosurgery. Use has been made of GeB-flat fibres (abbreviated to GeB 
FF), Ge- and B-doped collapsed photonic crystal fibres (Ge and GeB PCF-collapsed), Ge-
doped collapsed photonic crystal fibres, Ge-doped disc dosimeters, a commercially 
available Ge-doped SiO2 fibre type and glass beads. These offer several favourable 
characteristics in response to low dose medical applications, while at the same time it is 
to be acknowledged that no dosimeter displays all the characteristics of an ideal device.  
 
In regard to active and passive dosimeters (as discussed by Ahmed, 2007), among the 
main advantages of active dosimeters compared to passive dosimeters are direct readout, 
with ability to transfer data from or to a computer network, an audible alarm and dose 
memory for readout elsewhere (Bolognese et al., 2004). Of the active dosimeters, the 
most common types are ion chambers, solid-state (typically silicon) diodes, diamond 
dosimeters and MOSFET dosimeters. Even though the ion chamber is the most popular, 
it still exhibits limitations, including low current, the small current flow making it 
challenging to detect low radiation fields, especially down to environmental levels in 
which case there is need for use of very large volumes. Furthermore, ion chambers are 
affected by variations in atmospheric conditions, pressure and temperature in particular, 
also with the need for low noise electronics circuitry to improve the signal to noise ratio 
(Ahmed, 2007), a high voltage supply and connecting cables.  The alternative of diodes 
represent a rather simple form of active device, being of smaller size, offering high 
sensitivity but still needing wire connection and special care to ensure constancy of 
response, with variations in sensitivity as a result of changes in calibration with 
temperature and directional dependence (Izewska & Rajan, 2005). 
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In regard to film, the most exploited of passive dosimeter has been the silver halide 
variety, with a need for dark room processing facilities and a manifest energy dependence 
(in particular, Ag has an atomic number of 47) making it unsuited to beam calibrations, 
also the need for proper calibration as a result of variation between films and batches of 
films. Passive devices such as TLDs and optically stimulated luminescence (OSL) 
dosimeters are not able to give a direct readout, needing further processing post irradiation 
in order to provide record of dose. Thus said, it has been shown that passive dosimeters 
provide great convenience and versatility in measuring integrated dose (Ahmed, 2007). 
They also provide for relatively small size, are available in different forms for particular 
applications, often being approximately tissue equivalent and they are typically 
inexpensive relative to the active devices. Advantageous characteristics of TLDs, the 
most widely used of which is LiF (TLD-l00), include that they can provide a relatively 
wide and useful range of linear dose dependency, potentially from mSv up to 10 Sv, with 
supralinear response beyond and small size that causes little disturbance of the medium 
(e.g. a phantom or in vivo). In addition, they are commercially available and reusable. 
Disadvantages include the indirect readout, the associated times required and careful 
treatment of the large numbers of devices that are typically used in order to obtain good 
accuracy (Izewska & Rajan, 2005). The last of these factors concerns lack of uniformity 
in sensitivity of the different dosimeters, even from the same batch, needing individual or 
batch calibration. The sensitivity can also be affected by storage and room temperature 
(Attix, 2004). 
Recently, silica-based optical fibre dosimeters have attracted interest as radiation 
dosimeters. This is due to a number of advantages, notably water insolubility, excellent 
spatial resolution (with dimension of a few tens of microns) and the lack of hazard 
(explosion, fire, electromagnetic interferences, chemical), being inert and also 
inexpensive (Rahman et al., 2017). 
2.9 Phenomenon of Luminescence (TL, RL, OSL): 
2.9.1 Thermoluminescence (TL) Dosimetry: 
Luminescence is a phenomenon displayed in a range of insulating or semi-conducting 
semi-transparent materials. In such materials, absorption of radiation leads to a retention 
of a part of that energy within the medium, mainly in metastable states. Subsequently, 
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when appropriate stimulation is applied (thermally or optically), the stored energy is 
emitted in the form of visible, infrared light or ultraviolet. The phenomenon of light 
emission through release of stored energy within a given material is called luminescence. 
It is worth mentioning that there are two de-excitation forms of luminescence, 
fluorescence or phosphorescence, depending on the time delay between stimulation and 
release of the light. Fluorescence, the prompt form of fluorescence takes place with a time 
delay between 10-10 to 10-8 seconds, usually within the period of excitation. Conversely, 
phosphorescence prevails beyond the termination of excitation, over a time delay 
exceeding 10-8 seconds. In the process of excitation, if heat is used as exciting agent, then 
the phenomenon is denoted as thermoluminescence and the material is known as a 
thermoluminescent (TL) material. If this material is used for dosimetry, then it is called a 
thermoluminescence dosimeter (TLD). If light is used as the exciting agent, then the 
phenomenon is known as optically stimulated luminescence (OSL) for post-irradiation 
stimulation (Khan, 2003; Podgorsak, 2005; McKeever, 1985) and radioluminescence 
(RL) if the luminescence is emitted promptly (Bradley et al., 2018). 
2.9.1.1 Thermoluminescence Mechanism: 
As previously mentioned, the TL mechanism in a crystalline medium is described in terms 
of the energy band model. In this model, electronic energy levels in the crystal lattice are 
classified into three energy bands; the valence band, the conduction band and a forbidden 
gap separating the energy between the valence and conduction band.  In the 
semiconductor model, the valence band comprises completely occupied molecular 
orbitals, the energies being less than that of the conduction band. Electrons are normally 
not allowed to be present in the forbidden energy band, as depicted in fig (2.10). Of 
interest it that the predominant features of luminescence observed for amorphous media 
are essentially those of crystalline media. As such, it is generally the case to adopt the 
crystalline model in also describing the luminescence from amorphous media. 
The traps as explained below, either storage traps or recombination centres, are located 
in the forbidden energy band; the electron traps engage the states just below the 
conduction band and the hole traps engage the states just above the valence band. 
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Figure 2-10 Illustration of the energy levels in a crystal lattice and the thermoluminescence process: 
(a) excited free electron produced by irradiation; (b) electrons free to move in crystal; (c) electrons 
occupying traps; (d) release of trapped electrons by sampl heating and; (e) de-excitation of 
electrons to valence band with photons released as TL signal. 
Before irradiation, the trapping levels (hole- and electron-traps) are taken to be empty, a 
situation generally assured through deep (elevated temperature) annealing. The exposure 
of thermoluminescent materials to ionizing radiation results in secondary charged 
particles, most usually electrons that liberate free low-energy electrons and holes (Khan, 
2003). Once stimulated, electrons jump from the valence band to the conduction band, 
while the electrons coming from the valence band leave empty hole traps in the forbidden 
band. The electrons and holes move freely through their own band until they recombine 
with the electron trap (E) and hole trap (H). Traps are classified by the intrinsic defects, 
the vacancies that exist in the crystal and extrinsic defects that come from impurities that 
are added to the crystal. The traps are discussed below and are illustrated in the diagram 
of Fig. 2.11: 
• Storage traps: release free charge carriers if heated as in the TL process or if 
stimulated by light as in the OSL process. 
• Recombination centres: charge carriers released from the storage traps recombine 
with the trapped charge carriers of opposite sign, energy is then emitted due to 
this recombination in the form of ultraviolet, visible or infrared light, which can 
be measured using photodiodes or photomultiplier tubes (Podgorsak, 2005). 
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Figure 2-11 Diagram of energy levels in an insulator material where E is the electron trap, H is the 
hole trap and the trapped electrons recombine with the holes at luminescence centres (L), a stable 
energy state. Tresults in the emission of light. 
The stimulating heat produces the phenomenon of thermoluminescence (as previously 
discussed), occurring typically at ~300°C and above to promote the phosphorescence 
(Khan, 2003). If the energy traps are superficial then electrons can be released even under 
ambient light or room temperature conditions, a process referred to as fading.  
Since dosimetry seeks to measure the integral dose to high precision, interest is in 
materials providing high phosphorescence yield. Potentially the yield can be enhanced by 
adding controlled amounts of artificial impurities into the material, doping the base 
medium with elements known as activators, such as LiF: Mg: Ti, the lithium fluoride 
being doped with magnesium and titanium in this example (Chen & McKeever 1995); a 
commercial form of this is referred to as TLD-100. 
2.9.1.2 Optically stimulated luminescence systems: 
 
Optically stimulated luminescence systems (OSL) depend on a similar concept to that of 
thermoluminescence. Here however, light is used instead of heat to release the trapped 
electrons in the form of luminescence (Jensen & Murray, 2001). This technique has been 
shown to have potential use for in vivo dosimetric measurements in radiotherapy (Mrcela 
et al, 2011). The integrated dose obtained during the irradiation is subsequently estimated 
using OSL. This type of dosimeter has been exemplified by a Riso Lab group in Demark 
using a small (~1 mm3) chip of carbon doped aluminium oxide (Al2 O3: C) connected 
with a long optical fibre, a laser, a beam splitter as well as a collimator, a PMT, electronics 
and software. (Marckmann et al, 2006) . 
 40 
In order to produce OSL, the laser light travels through the optical fibre to excite the chip, 
then the resulting luminescence (blue light) is carried back in the same fibre, reflected 
through 90º by a beam splitter and measured in a PMT (most typically). The response of 
the OSL is in general linear and independent of energy and dose rate, although a 
correction for the angular response is required.  
 
2.9.1.3 Radioluminescence Luminescence (RL): 
Radioluminescence occurs during the period of irradiation, providing information on 
dose-rate. This contrasts with OSL, the latter providing an integrated dose post-
irradiation. This technique has been suggested to be an effective future tool for in vivo 
dosimetry, remaining at this time to be used routinely in radiotherapy (Izewska & Rajan, 
2005). 
All the known luminescence phenomena, TL, RL and OSL, have features that can be 
interpreted on the basis of the energy band structure of materials and can be exploited to 
be used in medical dosimetry. In the case of RL, the spontaneous fluorescence occurs 
when electron-hole pairs recombine after immediate irradiation, and as said is directly 
associated with the dose rate. The dosimeter consists typically of an active part made of 
a small (sub mm3) piece of scintillator or doped glass, optically attached to the tip of for 
instance a long polymethyl methacrylate (PMMA) fibre cable. When the sensor is 
irradiated, an optical signal is created that transports through the PMMA fibre towards a 
collector that can be placed at perhaps some metres and more away from the radiation 
zone. While, as clarified, this type of dosimeter provides real-time information, 
conversely residual pre-existing traps can also lead to luminescence emission upon 
receipt of additional energy from an external source of stimulation, e.g light in for 
instance the visible range, typically referred to as OSL, or by heat stimulation (TL); the 
intensity of emission can in both cases be associated with the amount of absorbed dose 
(Rahman et al., 2017). A number of such studies have been performed in the 
radioluminescence (RL) and optically stimulated luminescence (OSL) regimes (see for 
instance, Justus et al. 1997; Aznar et al. 2004). 
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2.10 Types of dosimeters used in diagnostic applications: 
2.10.1 Ionization chambers: 
2.10.1.1 Cylindrical and plane parallel chambers: 
 
Ionization chambers can be found in different shapes and sizes, depending on the 
dosimetric applications for which they are required.  Most essentially, it remains the case 
that a typical ion chamber is a cavity filled with gas, surrounded by a conductive outer 
wall of graphite with a central collecting electrode Fig (2.12). Two types of ionization 
chambers are commonly used in routine beam calibration, Cylindrical (often referred to 
as thimble) chambers and Parallel-plate (sometimes called end-window or plane-parallel) 
chambers (Podgorsak, 2005). A plane parallel chamber is considered the most popular 
type of ionization chamber for diagnostic radiological measurement of air kerma. Plane 
parallel ionization chambers (also known as parallel plate chambers) use two parallel, flat 
electrodes separated by a distance of a few millimetres. They should be calibrated with 
their plates in the position such that they are perpendicular to the beam axis in the same 
orientation as that in which they will be used. Some of these chambers have different 
entrance and exit windows; however in all cases the entrance windows should be that 
facing towards the X ray focal point. Conversely, given that the response of cylindrical 
chambers is symmetrical with respect to the chamber axis, they are usually oriented with 
the cylindrical axis of the chamber perpendicular to the X ray beam. It is important to 
know that in diagnostic radiology applications, regardless of the geometric designs of the 
chambers, the type of chamber should be vented, thus their sensitive gas volume is at 
atmospheric pressure (International Atomic Energy Agency, 2007). 
 
Figure 2-12Basic Schematic design for a cylindrical Farmer type of ionization radiation chamber. 
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Figure 2.12 shows use of a high-quality insulator to separate the wall and the collecting 
electrode in order to minimise leakage of the current produced when the polarising 
voltage is applied to the chamber. X-rays interact with the gas when passing through the 
chamber, resulting in ions along their tracks i.e. positive ionised atoms and negative 
electrons. The electrons move to the positive electrode inducing the current. The total 
number of charged particles is evaluated (Podgorsak, 2005). Among the main drawbacks 
with ion chambers are: (i) stem leakage, in which they also record the ionisation produced 
outside of its sensitive volume; (ii) ions can be lost when the voltage applied in chamber 
is insufficient to collect all of the charged particles, and (iii) electrical leakage can occur, 
degrading the spatial resolution (Mayles et al., 2007). 
2.10.1.2 Free-air chamber: 
In the photon energy regime, the free air chamber is commonly used as the primary 
standard for determining the dose (most typically in units of gray), obtaining the quantity 
air kerma. Typically Primary Standards Dosimetry Laboratories (PSDLs) as well as some 
Secondary Standards Dosimetry Laboratories (SSDLs) employ free air chambers in order 
to measure the air kerma (rate) in X-ray beams. In comparing the measurements made 
with ion chambers belonging to different institutes, it is usually found that they agree to 
within 0.5%, which is within the acceptable level of uncertainty (International Atomic 
Energy Agency, 2007). 
2.10.1.3 CT chamber: 
As has already been pointed out, there are various types of ionization chambers that are 
designed for different applications. For instance, in regard to CT scanning systems a 
pencil chamber is used, providing a design offering unique properties given that its active 
volume involves a thin cylinder 100 cm in length (Perini et al., 2012; Suzuki & Suzuki, 
1978). In most cases, chambers are made to be immersed in a uniform beam for proper 
measurements, however the CT chamber is made for non-uniform radiation generated 
either from single or multiple scans. Typically, the chamber is placed inside a phantom 
(usually cylindrical in shape) which is used to attenuate the primary beams and also to 
create scattered x-rays, seeking to simulate the same conditions of that for a patient 
undergoing scanning procedures. To measure air kerma, the chamber is placed parallel to 
the scanner rotation axis either free in air or inside a cylindrical phantom. Usually for a 
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single exposure, the primary radiation covers about 10% of the length of the CT chamber, 
also being able to detect the scattered radiation inside the phantom resulting from the 
incident radiation so that the total exposure to the patient is measured. This unique 
performance of the CT chamber requires uniformity of response along the entire axial 
length of the active volume, being unlike other cylindrical full immersion chambers  
(International Atomic Energy Agency, 2007). 
 
2.10.1.4 Solid-state dosimeters: 
Along with the ionization chambers, solid-state dosimeters also exist and among other 
applications they are used for diagnostic measurements (Brenier & Lisbona, 1998; 
Dewerd & Wagner, 1999). Solid-state dosimeters include thermoluminescence and 
semiconductor detectors. For real-time, dosimetry, semiconductor detectors offer a more 
convenient tool. Thus said, an advantage offered by the small size of thermoluminescence 
dosimeters (TLDs) is that it enables them to be used as an effective dosimeter obtaining 
measurements on patients, it also being clear that they are free of any electrical connection 
and associated hazard. They are also being successfully used in postal audits  (Fadzil et 
al, 2014) as well as in routine clinical measurements in hospitals despite the disadvantage 
of being energy dependent compared to ionization chambers, nor are they well-suited to 
cross-calibration of other types of dosimeters. 
 
2.10.1.5 Semiconductor dosimeters: 
Semiconductor dosimeters are small and provide for real-time measurements, also being 
robust, capable of producing large signals from modest amounts of radiations and have 
no need for pressure correction, such that they are appropriate for some medical 
applications (Rosenfeld, 2011). A simple form of semiconducting detector is the diode, 
consisting of a p–n junction sandwiched between the p- and n-type parts of the 
semiconductor. The device response is based on production of electron holes when a 
radiation beam impinges on the detector. This make the junction conductive, the current 
increasing with the average number of ions produced. In this type of dosimeter, the size 
of the signal relies on the characteristics of the radiations and its ability to penetrate the 
junction. The relation between the cross-sectional area of the junction and the angle of 
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incidence of the beam may affect the amount of ionization to which the junction is able 
to respond. This device may also have some energy dependence, directional sensitivity 
and the potential for structural alteration in properties of the junction. In radiotherapy 
dosimetry, in the event of frequent use of diodes, it becomes increasingly likely for 
permanent structural damage to arise as a result of the high doses applied in such 
application s. Thus, its sensitivity will change over time  (Rizzi et al., 2010). In diagnostic 
radiology the doses and the energy of the radiation are significantly smaller than that of 
radiotherapy (by some 1000 fold and more) so that structural damage is much less likely 
(International Atomic Energy Agency, 2007). Despite its suitability for radiotherapy 
measurements, as in small field photon dosimetry, a result of its high sensitivity, good 
spatial resolution and real-time response (Podgorsak, 2005), the main disadvantage of 
their use is the need for cable connection, temperature effects and variations in response 
of integrated dose with dose-rate and directionality (Mayles et al., 2007). 
2.11 The Glow Curve: 
The glow curve is a plot of TL intensity of emitted light as a function of TLD temperature. 
When the heating rate remain unchanged, the temperature will be proportional to the time 
during which heating is applied, and therefore the plot will show the relation between TL 
intensity as a function of the time. In crystalline media, defects or artificial impurities 
create electron traps at different trapping levels. Each glow peak is associated with a 
specific trapping level, and the number of these traps will dominate the area and peak 
height of each glow peak. However, there are a number of factors that can affect the area 
and peak height of each glow curve such as the thermal history of the dosimeter, also 
number of defects and impurities located in the dosimeter lattice (McKinlay, 1981). 
Moreover, the peaks present in the glow curve are associated with depth of traps which 
in turn are responsible for TL emission. For instance, the glow curve for one of the most 
popular TL dosimeter (LiF:Mg,Ti), the commercial form of which is known as TLD-100, 
is located between 180º C and 260º C as shown in fig (2.13 ) (Podgorsak, 2005). This 
temperature range is chosen to obtain the dosimetric peak, which should be associated 
with traps that are  deep to not be affected by room temperature but not so deep as to 
interfere with black body emission resulting from the heating of the planchet (the TLD 
holder, typically constituted of steel). If an appropriate calibration is applied, then the area 
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under the proper part of the glow curve can represent the deposited dose (Podgorsak, 
2005). 
 
Figure 2-13A typical glow curve of LiF: MgTi obtained with a TLD reader operated at a low 
heating rate (Podgorsak, 2005), such that  sufficient time is provided for the TLD to achieve the set 
temperature. 
2.12 Thermoluminescence dosimeter system: 
The thermoluminescence dosimetry system consists of several component parts, 
including: 
 
- The thermoluminescence dosimeter 
- A TL reader, involving a heating element, a PM tube and electronic circuitry. 
- Computing converter in order to convert the TL signal to dose. 
- A furnace for thermal treatments of the dosimeters, typically referred to as 
the annealing process. 
- Any complementary equipment or facilities that are needed to work along 
with the main components such as the sources of calibration, the programme 
used to measure the background, to deconvolute the glow-curve and to 
provide nett TL values (Furetta 2003).  
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2.12.1 TLD reader system: 
A simple TLD reader system comprises of the following important components: 1) a 
planchet for holding and heating the TLD; 2) a light detection device, the photomultiplier 
tube (PMT), to detect the thermoluminescence light emission and then to convert it into 
an electric signal; 3) a signal measuring system ; 4) a display and recording system. The 
electrical signal should ideally be linearly proportional with the photons fluence. Fig 
(2.14) shows a basic schematic diagram of a TLD reader. 
 
Figure 2-14Schematic diagram represents a TLD reader (Podgorsak, 2005) 
Fig (2.14) represents the construction of a typical TLD reader. The irradiated TLDs 
samples should be heated through a reproducible heating cycle. The electrical signal from 
the PMT should be proportional to the relative light intensity (Khan 2010), the electrical 
signal then being amplified and recorded as a charge or current via the electrometer 
(Khan, 2003; Podgorsak, 2005). The recorder is usually a PC connected to the TL reader, 
recording and analysing the received glow curves (Furetta, 2003). During the readout 
process, nitrogen gas (N2) is made to flow at a steady well-controlled rate.  The purpose 
of the nitrogen gas is to inhibit any spurious light signals resulting from oxidation during 
the heating process, O2 acting as trapping centres (Furetta, 2003). 
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2.12.2 Heating Cycle: 
The heating cycle applied to the thermoluminescent material (TL) has the purpose of 
heating the TL medium until electrons are liberated from traps and with this production 
of the thermoluminescence yield. In addition, the initial part of the heating cycel is 
important in seeking to mitigate against the low-lying traps that dominate the fading 
signal. Fig (2.15) represents the heating cycle for a LiF: PTFE disc dosimeter, consisting 
of  the following three stages (McKinlay 1981): 
 
Figure 2-15Heating cycle and glow curve used in the reading out LiF: PTFE disc dosimeters. The 
pre-heat temperature is used to remove the rapidly fading TL signal represented by the low-
temperature peaks. The area of TL integration (the dosimetric peak) is denoted 
2.12.3 Preheat Phase: 
The preheat phase is also known as the pre-read phase. As discussed above, in this stage 
the TL medium is heated to low temperatures to remove electrons from superficial traps 
(low temperature traps). As a result, the low temperature unstable glow curves are 
excluded from the dosimetric peak. The preheat temperatures are lower than that used for 
read-phase temperatures. 
2.12.4 Reading Phase: 
The Reading Phase stage begins directly after the preheat phase. In this stage, the TL 
medium is heated to temperatures greater than that applied during the preheat phase. This 
follows a programmed period of time in which the (TL) materials are heated until the 
predominant TL-yield is recorded. 
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2.12.5 Annealing Phase: 
In the annealing phase, the TLD is heated at more elevated temperatures than obtained 
during the readout stage, erasing any residual signal by removing of all the deeply trapped 
electrons, re-obtaining the initial background familiar for the TLD. In so doing, the 
annealing phase should also cause restoration of the sensitivity of the dosimeter to that 
enjoyed prior to its previous use (McKinlay, 1981). 
2.12.6 Fabrication of the Flat Fibre: 
Typically, optical fibre is fabricated from an initial well-prepared preform of doped silica. 
The commercial fibres consist of three essential components (figure 2.16): (i) a doped 
central core which together with the cladding layer surrounding it provides for the 
function of carrying the light pulses down the fibre when made use of in optical 
communications; (ii) the cladding encompassing the core which prevents light loss as a 
result of total internal reflection, the doped core having a higher reflective index than the 
cladding (Zanger et al., 1991), and: (iii) the coating in commercial fibres that covers both 
the core and cladding and which, termed the buffer, protects the core and cladding from 
environmental damage or humidity (Ong et al., 2009). Optical fibres when used in the RL 
mode are unlike many other forms of dosimeter, being immune to electrical and 
electromagnetic interferences, dose information being transferred using optical signals as 
opposed to an electrical signal (O'Keeffe et al., 2008). The latter should be of interest in 
dosimetric applications concerning Linac-MRI assemblies. 
 
Figure 2-16 Basic structure of optical fibre 
In commercial fibres the refractive index profile is handled and controlled by adding 
dopant to the basic SiO2 glass. The research studies in this thesis will focus on photonic 
crystal fibres (PCFs) (either doped with Ge or co-doped with boron), flat fibres (FF) in 
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both forms (Ge-doped and GeB doped), Ge-doped discs, as well as the telecommunication 
fibres (in the form of single mode fibres, SMF).  
The fabrication of the flat fibre has been performed at the pulling tower located in the 
Department of Electrical Engineering, University of Malaya (UM), while the doped 
preforms from which the fibres were subsequently produced were made at MultiMedia 
University (MMU), also located in Malaysia. The flat fibre preforms differ from the 
typical optical fibre as they do not resemble a solid rod, instead having the form of a 
hollow silica tube with doped inner walls. In this study, the process of fabrication of flat 
fibres started with a commercially available uncollapsed hollow silica tube co-doped at 
MMU with boron and germanium. At the fibre-pulling tower at UM the furnace heat is 
initially set to a temperature of 2100 oC, just within the melting temperature of silica. 
Once the temperature of the oven reaches the silica melting point, the preform begins to 
stretch earthwards as a result of gravity. As a result, the shape of the initial preform 
reduces gradually forming a neck-down region (Fig 2.17). The fibre cane is drawn from 
the furnace to then be halted when the drawing procedure has stabilized and the required 
dimension of fibre cane has been acquired. Vacuum pressure is then applied from the top, 
causing the air inside the hollow preform to be sucked out. As a result of the low pressure 
created inside the hollow tube compared to that outside, the fibre collapses into a flattened 
shape to produce the Flat Fibre (FF) (Dambuli et al., 2012). 
 
Figure 2-17Flat fibre fabrication (Dambuli et al., 2012). 
The second fibre type used in this study are Photonic Crystal Fibres (PCF), again 
fabricated at the University of Malaya, this time using a stack-and-draw technique as 
shown in Figure 2.18. The process includes the fabrication of doped capillaries (and rods) 
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of certain diameter. Afterwards, these are cut into short lengths to then be stacked within 
a larger diameter glass tube or jacket tube to prepare the final preform, and then this 
assembly is drawn into a cane of 2–3 mm diameter or larger (up to 6 mm) if fibres are 
needed in longer lengths. Finally, the cane is pulled into a fibre of desired diameters using 
the drawing tower. In the pulling procedure, the preform is mounted on the top of the 
drawing tower, its lower end being placed into the furnace. As before, when the 
temperature of the furnace achieves a value towards the top end of the range 1,800 0C - 
2,100 0C, the glass begins to melt and a glass drop forms moving downward under the 
effect of the gravity to form a strand of glass (the fibre). Later the fibre is pulled using 
either a tractor or capstan and collected on a bobbin (Mahdirajia et al., 2014). 
 
 
 
Figure 2-18 Schematic diagram of stack-and-draw method (Mahdirajia et al., 2014). 
In the MCVD doping technique that precedes the fibre forming process silica and 
germanium gas (SiCI4 and GeCI4) and oxygen (O2) flow into a rotating high purity 
substrate silica tube (Suprasil F300). The mixture of these vapours is subsequently 
oxidized at high temperature (1300 - 2100°C) using a H2/O2 burner/furnace, the assembly 
being moved forwards and backwards in a number of passes, the number of which 
depends on the required dopant concentration value. Once the vapour mixture approaches 
the hot zone, the vapour is converted into a white soot-like powder, to be distributed along 
the substrate tube inner walls by the thermophoretic process which depends on 
temperature and size of particle deposition profile. Subsequently, after the soot is 
deposited, the temperature of the tube is increases more to be increased to within 1800-
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2100°C in order to sinter the soot particle. When the powder is sufficiently transparent, 
as judged by eye, it is considered sintered. After that, the sintered preform is continued 
with collapsing and sealing of the hollow preform (Tingye Li, 1985). At this stage, a 
higher temperature is required. Eq.2.16 and 2.17 represent the chemistry of SiCl4 and 
GeCl4 oxidation:  
2-18  Eq  𝑆𝑖𝐶𝑙4  +  𝑂2   ⟶  𝑆𝑖𝑂2 +  2𝐶𝑙2 
2-19Eq 
 𝐺𝑒𝐶𝑙4  +  𝑂2   ⟷  𝐺𝑒𝑂2 + 2𝐶𝑙2 
From Equation 2.16 and 2.17 it is apparent that SiCl4 is completely oxidized during the 
MCVD process. Conversely, GeCl4 oxidation and incorporation can be significantly 
affected by unfavourable thermodynamic equilibrium. Under suitable conditions, the 
addition of more Cl2, based on Equation 2.16 will shift equilibrium conditions further to 
the left. Incorporation of GeO2 in deposited silica can also be affected by higher 
temperatures (especially during sintering, collapsing and sealing), with evaporation of 
Ge02 itself as represented in Equation 2.18. Integration of GeO2 in deposited silica also 
affected at higher temperature, especially during sintering, collapsing and sealing 
processes with evaporation of GeO2 itself as representation in Equation 2.18 (Tingye 
Li,1985) 
2-20 Eq  𝐺𝑒𝑂2  ⟷  𝐺𝑒𝑂 +  
1
2
𝑂2 
 
2.13 Novel use of silica media as dosimeters at diagnostic dose levels: 
 
This thesis consists of several individual studies concerning radiation dosimetry 
applications that involve the relatively low medical doses encountered in diagnostic 
procedures (dental, mammography, and chest x-ray) or those coming from scattered 
radiation during gamma knife radiosurgery (this will be discussed in more detail later in 
this chapter). Use has been made of the different types of novel silica materials reviewed 
above, that have been fabricated for this purpose. We have fabricated and investigated tailor-
made doped photonic crystal fibres (PCFc, with the subscript indicating collapsed), either Ge-
doped or co-doped with boron. The PCFs are fabricated using the modified chemical vapour 
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deposition (MCVD) and fibre-pulling technique as described above, also generating strain-related 
defects (Rozaila et al., 2016: Dermosesian et al., 2015). In addition, we have examined GeB-FF, 
fabricated to produce two different types; one has been generated by applying low pressure to 
cause collapse of the initial hollow doped silica tube to create additional defects while the other 
has been produced as a Ge-doped disc, both used for detecting the typically low doses of 
diagnostic radiology applications, including dental, mammography, and chest x-ray images. The 
typical dose values for the radiological images involved in chest–x radiography, dental, and 
mammography are 0.005 mSv, 0.1 mSv, 0.4 mSv respectively (radiologyinfo.org, 2018). These 
are doses comparable to being exposed to natural background radiation for 1, 7 and 10 days 
respectively.  
In addition, the use of Ge-doped SiO2 telecommunication fibres, and glass beads have 
been utilized in an audit encompassing 20 hospitals, seeking to detect the doses received 
by the eyes during Gamma Knife brain tumour radiosurgery. The latter constitutes the 
first such project of its kind, the idea emerging as a result of new regulations based on 
international guidance to seek reduction in lens dose, down to 0.5 Gy (ICRP, 2012).  
An extension study, concerning paediatric cases, has been unique in its use of GeB-FF 
(this representing the most sensitive form of doped silica to have been produced to-date) 
(Abdul Sani et al., 2014: Begum et al., 2015: Hashim et al., 2015; Alawiah et al., 2013; 
Mahdiraji et al., 2015). It is to be stressed here that all previous work by the various 
groups using the novel doped silica dosimeters have been in radiotherapy applications. 
The doses evaluated herein are generally at least a thousand-fold smaller than those 
typical of radiotherapy, representing a considerable challenge. 
 
To date, a number of studies have been performed to investigate the potential of using 
commercially available Ge-doped SiO2 telecommunication fibres as a 1-D dosimeter for 
therapeutic applications due to due to its high spatial resolution within relatively small 
diameters (∼120 μm) (see for instance, Abdul Rahman et al., 2012). Use has been made 
in verification of Intensity Modulated Radiation Therapy (IMRT) three-dimensional (3D) 
dose distributions (Noor et al., 2011), synchrotron microbeam radiation therapy (Rahman 
et al., 2010), brachytherapy  dosimetry (Issa et al., 2012), external beam radiotherapy 
dosimetry (Abdul Rahman et al., 2012), UV radiation dosimetry (Abdul Rahman et al., 
2014). kilovoltage X-ray therapy irradiations (Issa et al., 2011), MV radiotherapy 
dosimetry (Noor et al., 2014), alpha particles detection  (Ramli et al., 2009). In previous 
studies various characteristics of the Ge-doped optical fibres have been explored, 
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including fading, linearity, energy dependence, reproducibility, dose response, 
reciprocity between TL yield and dose rate and energy. These have covered a wide range 
of incident energies, from a few eV to several MeV. In particular, the fibres have been 
observed to produce a flat response to fixed photon and electron doses to within better 
than 3% of the mean TL distribution (Rahman et al., 2010; Abdul Rahman et al., 2012).  
This form of dosimeter has been shown to provide low fading, reusability following 
thermal annealing and acceptable energy dependence for radiotherapy purposes (Abdul 
Rahman et al., 2011). The response of telecommunication Ge-doped fibres in 
radiotherapeutics dosimetric applications has been compared against other competing 
forms of passive dosimeter, TLD or otherwise, typically being found to offer 
advantageous performance (Yaakob et al. 2011; Hashim et al. 2009; Abdulla et al. 2001). 
Previous studies have also focused on the possibility of using such doped SiO2 optical 
fibres dosimeter in detection of both photons and charged particles (Hashim et al., 2009). 
In these, it has been shown that Ge-doped fibres offer spatial resolution at useful TL yield, 
providing an ability to measure the radiation doses in high dose gradient fields as for 
instance in Intensity Modulated Radiation Therapy (IMRT) (Noor et al., 2010, 2011), also 
being suggested to be useful in in vivo radiotherapy measurements due to its hygroscopic 
nature.  
 
Further to the above, pure silica (SiO2) glass fibres doped with Ge have been 
demonstrated to provide TL yields significantly greater than that of telecommunication 
fibres doped with Al, Nd, Yb, Er, and Sm (Noor et al., 2011; Fadzil et al., 2014; Abdul 
Sani et al., 2014). This is suggested to relate to the presence of the same number of outer 
electrons in Ge as silicon. Consequently, it is expected to form the basis of a sensitive 
radiation dosimeter, suitable for diagnostic dose audits, approaching or perhaps exceeding 
that of TLD-100, the latter being widely used as a passive dosimeter, comprising a 
phosphor-based system of LiF doped with Mg and Ti (MatNawi et al., 2015). Other work 
within the group developing doped silica fibres have focused on fabricating novel silica 
materials that are able to detect different types of radiation and energies. Alawiah et al. 
(2013, 2015) have reported pure silica flat fibres (FFs) to represent a promising TL 
material for use as a dosimetric system for high-dose electron and photon therapy. 
Undoped FFs have been shown to provide excellent linear radiation response within the 
range of therapy energies, independence of radiation energy and dose-rate, good 
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reproducibility and low fading, being competitive with the widely used LiF: MgTi 
dosimeter in medical therapeutic applications. Moreover, studies have been carried out 
on several types of tailor-made flat Ge-doped silica fibres, differing in only their external 
dimensions.  
The advantages of using flattened fibres for applications in medical radiotherapy have 
also been reported by others (Alawiah et al., 2013; Abdul Sani et al., 2014; Bradley et al., 
2015; Saeed et al. 2012). In addition, studies have been conducted on several sizes of Ge-
doped flat fibres as a dosimeter for a range of doses, using different photons and electrons 
energies, demonstrating superiority of TL response over the more popular standard TLD-
100. The TL fading of FFs has been found to be around 20% over a period of thirty (30) 
days (Begum et al., 2015). In several studies, use of germanium has been favoured as the 
dopant in enhancing the flat fibre response and sensitivity at high energy and high dose 
in radiotherapy applications. Moreover, GeB-Flat Fibre have shown excellent dosimetric 
features including, good reproducibility, a very low rate of fading, low variation 
background signal, and an excellent TL response for high energy. The new technique of 
producing flat fibre is based on collapsing down hollow capillary optical fibres (COF) 
producing fused inner walls and consequent defect generation, a number of studies 
demonstrating the greater performance of the fabricated FFs over the COFs. To-date, the 
TL response of GeB-FF shows an enhancement of a factor of 12 over that of Ge-COF. 
The glow curve analysis showed the generation of an additional peak in the FFs compared 
to that obtained in the COFs, and the TL intensity value of the new peak is considerably 
enhanced in the doped FFs compared to the undoped FFs (Mahdiraji et al. 2015; Ramli et 
al. 2015).There is an increasing demand of the dosimetry in diagnostic radiology.  It has 
been realized among health organization members that the x-ray radiation dose received 
by patients needs to be optimised. Failure to justify and optimise can lead to induction of 
cancer across a population and in some unfortunate circumstances can cause acute 
damage to particular body organs such as the skin and eyes. Measurements and 
procedures for diagnostic radiology dosimetry has been standardized through 
international codes of practice to explain the essential methodologies. A fundamental 
need in diagnostic dosimetry is to measure the air kerma from the X-ray device under 
specific conditions (IAEA, 2007: AAPM, 1990: NRPB, 2002: Rosenstein, 2008).  In 
order to achieve the appropriate accuracy and precision of dosimetric determination such 
measurements have to be performed by proper instrumentation, complete with calibration 
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traceable to a standards laboratory. Proper dosimetric procedures are of considerable 
importance, not least in paediatric cases children and pregnant patients as well as for the 
quality control of X-ray equipment and procedures (Meghzifene et al., 2010; United 
Nations Scientific Committee on the Effects of Atomic Radiation, 2008). It is important 
for all scientific and health professional communities to understand the required dose 
quantities and magnitude and the relevant associated risks. Even though the diagnostic 
radiation doses usually do not approach thresholds for deterministic effects, considerable 
potential exists to do so in respect of interventional fluoroscopy. Even in the absence of 
deterministic effects, exposure to diagnostic radiation can cause induction of cancer after 
a significant latency period. While the interactions of radiation with matter are well 
known, the challenges of diagnostic radiology dosimetry are associated with the 
variations and complexity of X-ray delivery, the instruments used in dosimetry and the 
interaction of the radiation with the different constituent parts of the human anatomy. As 
mentioned above, even though doses from diagnostic radiological examinations are 
typically considered small and usually insufficient to reach thresholds for deterministic 
effects, interventional procedures represent an exception, cardiology in particular 
potentially involving the use of elevated doses. This could lead to serious skin injuries 
(Berlin 2001; Koenig et al. 2001). As such, it must be realized that doses delivered in 
diagnostic radiological procedures should be accurately measured in order to ensure 
acceptable balance between quality of image and patient exposure. Dosimetric methods 
should be used that ensure appropriate levels of accuracy and optimisation (International 
Atomic Energy Agency, 2007). X-ray diagnostic examinations encompass various 
techniques, including CT scans, mammography, fluoroscopic and interventional 
radiological procedures, dental and general radiography (herein, general radiography is 
used to cover all X ray imaging modalities other than dental radiography, fluoroscopy, 
mammography and CT). Tube voltages producing diagnostic x-ray beams are typically 
between 20 kVp to 150 kVp generally being different for each technique. As instances, 
while it is generally within 50– to 150 kVp in fluoroscopy, CT, dental and general 
radiography, in mammographic examinations it is generally between 22- to 40 kVp. In 
regard the anode material, tungsten is usually used, a particular exception is for 
mammography where different combinations of anode and filtration materials are 
employed, the most popular materials being a molybdenum anode and molybdenum 
filtration. Also important in diagnostic radiology dosimetry is to specify the radiation 
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qualities as all dosimeters depend on the spectral distribution of the X rays. Radiation 
qualities are usually known in terms of the X-ray tube voltage and half-value layer (HVL). 
2.14 Small field radiation: 
In modern radiotherapy the use of small radiation fields offer a variety of methods that 
can be applied to treat a multiple different cancerous diseases and tumours, each 
associated with its advantages (Das et al. 2008). Moreover, as previously mentioned fine 
beams are being used in radiosurgery, not least in neurological and vascular conditions. 
In this latter regard, this thesis focuses not only on diagnostic doses but also on 
determination the scattered radiation doses received by different body organs during 
radiosurgery treatments. In radiosurgery, the target is typically small in volume, tightly 
accommodating high doses in and up to the target periphery while avoiding surrounding 
healthy tissue. Small fields (smaller than 3 x 3 cm) are utilized in all stereotactic 
radiosurgery (SRS) practises and delivery procedures. In the case of Gamma Knife (GK; 
a radionuclide based technique typically using an array of small gamma emitting sources, 
often 60Co) and Cyperknife (CK; a linac based approach), the radiation fields are static 
for the GK approach but for the CK linac-based approach they can either be static or a 
composite of fields. To-date, the characteristics of these fields are typically considered to 
be non-standard and far from reference measurement conditions. This creates difficulty 
in measuring or calculating the doses with accuracy and precision (Alfonso et al., 2008). 
In order to allow accurate calculations of dose distributions in patients, the computerised 
treatment planning system (TPS) needs a set of accurate measurements of the small fields 
that are to be used at the various medical sites. The factors influencing the measurements 
include the dose profile, percentage depth-dose plots and the output factors. Therefore, 
special considerations should be taken into account in seeking to carry out these 
measurements in order to provide an accurate beam model on the TPS that in turn can 
estimate accurately the dose distributions within the patient (Das et al., 2008; Bouchard 
et al., 2015). 
2.15 Lateral charged particle equilibrium: 
Charged particle equilibrium (CPE) is obtained when the energy carried by charged 
particles entering into a volume of interest is equal to the energy leaving that region, 
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carried by charged particles. In other words, when the charged particles exiting the 
volume are replaced by particles entering the volume with an equal mean energy, (CPE) 
is presumed to exist.  However, if the charged particles leaving the region of interest are 
not replaced by particles having the same mean energy, the state of (CPE) cannot be 
assumed. For photon radiation beams, scattered electrons are the charged particles. In 
small photon fields, lack of lateral electronic equilibrium can occur, as illustrated in Fig 
(2.19). 
 
Figure 2-19 Illustration of CPE situations in small and large field sizes, with the red arrows 
signifying charged particle (electron) path-lengths, disequilibrium being illustrated for the small 
field situation. A small field is a field with size smaller than the “lateral range” of charged particles 
(Jan Seuntjens, 2015). 
As shown in fig (2.19) above, the range of electrons quasi-parallel to the direction of the 
incident photon beam (entering from the left) does not affect the (CPE) within the region 
of interest, electrons leaving the target volume of interest being replaced by those 
entering. This is not achieved in the case of small fields as illustrated. Whilst the lateral 
range of electrons is an issue, if this range surpasses the boundaries of the field edge (from 
the point of measurements), the field is small. It has been demonstrated that 
overestimating can be one of the problem resulting from the lack of CPE. In the large 
photon beam where CPE is present, satisfaction of cavity theory can be assumed 
(effectively an undisturbed flow of energy) when the dosimeter is placed in such fields. 
With uniform flow of particles, the measurements taken provide an accurate account as 
the perturbation resulting from emplacement of the dosimeter can be assumed to be 
negligible. Conversely, in small photon fields, lateral CPE is not present and as a 
consequence the cavity theory is also no longer applicable.  In addition, the length of 
lateral electron tracks depends on the density of the medium, extended electron tracks 
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occurring in a low density medium whereas the opposite condition occurs in medium to 
high-density media (Bouchard et al., 2015).  Therefore, it is preferable for the detector 
density to be the same as that of the surrounding medium, otherwise increasing the extent 
of disequilibrium. In such a situation, near water-equivalent densities are considered to 
be the quasi-perfect choice for SRS dose verification. In regard to neurological head and 
neck cases, there is no doubt that there are inhomogeneities in the head structures, 
consisting of dense bone and air-filled sinuses in the cranium. Thus, the scattered 
electrons will pass through different densities. For this reason, use of an anthropomorphic 
phantom with different realistic densities can be adopted in seeking to obtain more 
accurate measurements, also revealing the reliability of the TPS algorithms that typically 
do not take into account variation in densities (Aspradakis et al., 2010). 
2.16 Source occlusion and detector size in small fields: 
Recently, the use of small fields to treat tumours and functional brain abnormalities has 
become increasingly popular. However, unfortunately the challenges in dosimetry of 
small fields cannot be assumed to be negligible. Without overcoming these problems, 
radiotherapy mistreatments can arise (Wuerfel, 2013). Partial occlusion of the direct 
photon radiation source, as viewed from the point of measurement is one of the common 
issues. This is a result of the radiosurgery collimation system which collimates the beam 
into a source of confined width. This leads to errors in determining the field size when 
calculating the full width half maximum (FWHM). In addition, when the size of the 
detector is large relative to the field size (larger than ideally required), this too will cause 
a partial view of the field, as is depicted in Fig. (2.20) (Aspradakis et al., 2010). As a 
result of these two conditions, an issue referred to as “volume averaging effects” of the 
dosimeter takes place, leading to underestimating of the dose within the field and 
overestimation of the penumbra. Thus, geometric and dosimetric uncertainties arise in 
SRS delivery if unsuitable methods are used in making a beam model in the computerised 
treatment planning system (TPS). Therefore, the size of detector should be taken into 
account to obtain accurate dosimetry in SRS. 
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Figure 2-20 Depiction of direct beam source occlusion (Aspradakis et al., 2010). 
2.17 Bragg–Gray cavity theory: 
The Bragg–Gray cavity theory was the first of its kind (there are now refinements, as in 
the Spencer-Attix theory), discussing the relation between two important quantities in 
radiotherapy, namely the absorbed dose in a dosimeter and the absorbed dose in the 
medium. In order for this theory to be applicable, there are conditions that need to be 
fulfilled. Firstly, the size of the dosimeter should be small enough so as not to perturb the 
number of charged particles and the energy carried by these charged particles in the 
medium. This theory is only valid only where charged particles equilibrium exits. 
Therefore, the size of detector should be smaller than the range of electrons. However, to 
some extent the presence of the cavity always causes perturbation of the medium and as 
such there is need for use of correction factors. Secondly, it is assumed that the absorbed 
dose is entirely deposited in the cavity by charged particles crossing the cavity. In this 
case, the photons interactions taking place in the cavity, and the secondary electrons are 
negligible. In practice, this can only occur if the medium material has identical electronic 
properties to that of the wall cavity material. The achievement of conditions required of 
the Bragg–Gray theory rely on the size of the cavity and electrons energy. It is worth 
mentioning that the cavity satisfying this theory in high energy photon beams may not 
suitable in medium or low energy X-ray radiation beams (Dance et al., 2014).  
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2.18 Small field detectors : 
As previously discussed, there are many factors that can contribute to the uncertainty in 
radiosurgery dose delivery. For such reasons, some aspects should be taken into account 
when selecting dosimeters for SRS dose verification, with inappropriate dosimeters 
potentially causing significant errors in measurements, leading to patient overdose or 
under-dose. The ideal dosimeter for an SRS audit should possesses a number of important 
characteristics, including low dependence upon field size, photon beam energy, angle of 
incidence and dose rate. Also, it should ideally be water equivalent, small in size, 
providing linear response in the dose range of interest, also offering reproducibility and 
stability in performance. A number of detectors have been used in SRS, including 
thermoluminescent dosimeters (TLDs), not least micro-TLDs, ionisation chambers, metal 
oxide semiconductor field-effect transistor (MOSFET) detectors, alanine pellets, 
radiochromic film, diamond detectors, silicon diodes, and plastic scintillators (Taylor et 
al. 2011; Faught et al. 2011). For more precise assessments and high accuracy SRS 
measurements, multi-dimensional detectors with high spatial resolution are desirable. 
Thus said, present detector arrays can generally be considered inappropriate for SRS 
treatments, a result of the difficulties encountered in positional accuracy in 
anthropomorphic phantoms. On the other hand, while detectors such as TLDs and gels 
provide high spatial resolution, they display considerable energy dependence and may 
require complex calibration (Taylor et al., 2011; Marczewska et al., 2006). 
While the flat energy efficiency of ion chambers has lead to this form of detector being 
considered the most reliable and well-known detector in dosimetry, there are also a 
number of some drawbacks. Among the inaccuracies in measurements are volume 
averaging and non- tissue equivalence  (Pappas et al., 2008;  Tanny et al., 2015). A 
comparative study has been conducted on three dosimeters (radiochromic film, TLD and 
a gel dosimeter), to measure different small field properties, showing results of the three 
detectors to be in good agreement with each other while use of an ionization chamber 
underestimated the absorbed dose (Calcina et al., 2007). Thus, it is commonly realized 
that despite the small size now available for ion chambers, and whether they are gas or 
liquid filled, they are not ideal for SRS treatments (Taylor et al., 2011). 
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2.19 The origin of stereotactic radiosurgery: 
In regard to stereotactic radiosurgery (SRS), this is a non-surgical, non-invasive radiation 
therapy that delivers precisely-targeted radiation to functional abnormalities or small 
tumours in the brain, while helping to preserve the healthy tissues. The technique of 
using cross-firing small radiation beams to a localized target within the human 
cranium was established in the later part of the 1940’s. Stereotactic radiosurgery was first 
introduced in clinical use by neurosurgeon Lars Leksell and radiobiologist Bjorn Larsson 
in 1951 to treat intracranial traumas (Quigg et al., 2015). The first procedures were 
performed by using an orthovoltage X-ray tube, placed on a model known as the Leksell 
stereotactic frame, for the purpose of treating patients suffering from trigeminal neuralgia. 
Then, after several trials using particle beams and linear accelerators, Leksell and his 
colleagues eventually designed the Gamma Knife (GK), incorporating 179 60Co sources 
in a hemispheric array. The first unit was operated in 1968. It is worth mentioning that 
the use of this type of treatment was limited to patients with arteriovenous malformations 
(AVMs), also pre-dating the advent of computed tomography (CT) (Steiner et al., 1972). 
Leksell designed the use of skull pins to help in fixing the base frame firmly, enhancing 
the general precision of the technique. He also used 300 kV stationary collimated photon 
beams converging on a specific point. This idea led to further developments using 
multiple fixed gamma-emitting 60Co sources. After two years of attempts, Leksell brought 
to the fore the concept of radiosurgery and its capability in accurately defining the target 
in three-dimensional space (Chin & Regine, 2008). 
 
Elsewhere, Ernest Lawrence (one of the great scientists of 20th century physics and a 
professor at the University of California Berkeley, also inventor of the cyclotron in 1929) 
was also working in developing the work by focusing on a heavy particle irradiation. In 
the 1950s, his brother John started an investigation that has now lasted for decades, 
namely the use of heavy particles (proton beams, then helium ion beams), treating patients 
with pituitary and other intracranial disorders (Kirn, 1988). Raymond Kjellberg, a 
neurosurgeon at the Harvard/ Massachusetts General Hospital facility, led the use of 
proton beam treatments (Kjellberg, 1988). The main advantage of using particle beams is 
that of being able to deposit dose at a definite point (the now familiar Bragg peak). 
However, the expense of building and maintaining a cyclotron has limited the use of 
heavy-particle SRS to a few centres (Schulder et al., 2010). 
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Radiosurgery does not involve open surgery, the machine treating the lesions without 
need for cutting. Initially, the method was performed using Gamma Knife machines, 
consisting of 201 60Co sources focusing the dose at a single point (Wu et al., 
2012). Emerging developments in stereotaxis and radiotherapy fields, led to a new 
method of treatment, proposed and coined as  “Stereotactic Radiosurgery”  (SRS), this 
giving rise to geometrical precision similar to that of surgery (Vesper et al., 2009). Dr. 
Leksell brought to the fore the concept of radiosurgery and its capability in accurately 
defining the target in three-dimensional space (Chin & Regine, 2008; Yen et al., 2011). 
The first stereotactic Gamma Unit, using 60Co as sources was established at the 
Sophiahemmet Hospital in 1968  and was initially targeted to be used for functional brain 
surgery. The physicists Kurt Liden and Borje Larsson have made significant contribution 
when they worked on using of protons in SRS procedures. (Singh et al., 2018). The 
principle of conventional radiology is similar for both photons and protons, despite the 
difference in their physical properties and their ways of interactions with matter and 
resulting dose distributions. Protons exhibit special characteristics, with little exit dose 
beyond the target, thus enabling healthy tissues to be spared more than through the use of 
photons which obey the law of exponential decay. However, the potential for being a 
superior and more dominant SRS technique needs further investigations (Amelio et al., 
2012). 
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In the mid 1970s, the introduction of CT scanning and 10 years later magnetic resonance 
imaging pioneered the potential exploitation of direct targeting of tumours and other soft 
tissue targets inside the skull. Adapting linear accelerators (“linacs”) for SRS opened up 
a new horizon in therapy, these developments pointing to devices less expensive than GK 
or heavy-particle accelerators (Leksell, L., 1971). Betti and Colombo in Buenos Aires 
and Vicenza respectively have worked on this independently, reporting the successful 
implementation of linacs for SRS (Betti et al., 1984; Colombo, et al., 1985). Their systems 
enable the rotation of the linac gantry in a single plane. This aside, the conventional SRS 
technique has also been the subject of improvement, effectively allowing treatment of a 
number of benign and malignant cranial lesions, including acoustic neuromas, primary 
and metastatic brain tumours, and arteriovenous malformations (AVM). Nowadays, there 
are a number of machine types with SRS capability, such as Gamma Knife and linear 
accelerators, modified or dedicated, including CyberKnife (CK), X Knife, Novalis TX, 
Trilogy, and Synergy S, all of them able to treat cranial lesions (Wu et al., 2012). The UK 
has also adopted SRS treatment, the first GK unit being installed in the UK in 1985 
(at Weston Park Hospital, Sheffield). In addition, the first linac-based radiosurgery in the 
UK was used in 1989 by St. Bartholomew’s Hospital in London (Sims et al., 1999). In 
2009, CK was initiated for the first time by the Harley Street clinic in London (HCA 
Health Care UK., 2018).  
 
Figure 2-21 Illustration of a  Gamma Knife  (UNSCEAR, 2016) 
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Chapter 3 
3 Thermoluminescence Measurements of 
Eye-Lens Dose in a Multi-centre 
Stereotactic Radiosurgery Audit. 
3.1 Introduction: 
Much of the content of this chapter has been published in the journal “Radiation physics and 
chemistry”: Amjad. Alyahyawi, A. Dimitriadis, S. M. Jafari, A. Lohstroh, A. Alanazi, A. 
Alsubaie, C.H. Clark, A. Nisbet and D.A. Bradley.2019. Volume (155), February 2019, Pages 75-
81.“Thermoluminescence Measurements of Eye-Lens Dose in a Multi-centre Stereotactic 
Radiosurgery Audit” (Appendix A). The right to include the article in any thesis or dissertation 
has been obtained during assignment of copyright with the publisher. 
In recent times use of stereotactic radiosurgery (SRS) has increased rapidly, a number of 
manufacturers providing commercial delivery solutions. Examples include Gamma Knife and 
CyberKnife, the latter a robotic linear accelerator-based system (Dimitriadis et al., 2016; 
Dimitriadis et al., 2017). SRS offers conformal, high-dose delivery and an associated much 
reduced course of outpatient treatment. Instances include use of radiosurgery in treating 
trigeminal neuralgia, also for patients with brain metastases < 4 cm in maximum diameter, 
prescription doses typically ranging from 15 Gy to 24 Gy for single-fraction sessions (Badiyan et 
al., 2016). In regard to radiotherapy, the technology is sometimes referred to as stereotactic body 
radiation therapy, SBRT). Given the ability to provide for such dose escalation and the potential 
for prescribed doses being scattering at the few percent level to the eyes, the possibility arises of 
the tolerance dose to the lens being exceeded (Ma et al., 2000).  
In measurements of eye dose arising from CT scans of the brain, Chaiwisate et al. (2010). used 
the LiF-based thermoluminescence dosimeter TLD-100, reporting a below-tolerance dose of 
13.87 mGy. In regard to yet another dosimetric study, this time for organs at risk for 21 SRS 
patients, TLD-100 were again used, including on the eyelids. The mean dose to the eye lens was 
276 ± 200 mGy, doses decreasing markedly with distance from the isocentre. Studies such as 
these are indicative of increasing interest in optimization of radiation protection and monitoring 
of the dose to the lens of the eye, not least concerning recent guidance on the annual dose above 
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which the risk of lens opacities becomes a matter of concern. The threshold for deleterious lens 
effects (primarily opacities) is now considered to be 0.5 Gy (Bouffler et al., 2012), previous dose 
limits being based on a threshold in the range ~ 2 to > 5 Gy (Dauer et al., 2016). 
In use of thermoluminescence (TL) dosimeters for eye dosimetry, one issue concerns meaningful 
location at the point of interest. For instance, a holder might be in the form of a headband, allowing 
the dosimeter to perhaps be positioned centrally on the forehead or just over the eye in situations 
where the greater interest is in lens dose. The Personal Dosimetry Service of Public Health 
England (PHE) has designed eye dosimeters to measure doses from gamma and X-radiations, 
taking into account the radiation quantity Hp (3), the dose equivalent at a depth of 3 mm, as 
required by the UK Health & Safety Executive for lens dose measurements (Behrens et al., 2016). 
An additional demand beyond the spatial resolution of such passive dosimeters concerns the 
sensitivity of the TLD. In this regard, several studies have investigated the effectiveness of Ge-
doped silica fibres as radiation therapy dosimeters, including for interface radiation applications 
(Abdul Rahman et al., 2011), brachytherapy dosimetry (Issa et al., 2012) and intensity-modulated 
radiotherapy (IMRT) verification (Noor et al., 2010), also for diagnostic applications (Alyahyawi 
et al., 2016). These typically have outer diameter dimensions of 0.15 mm. Similar studies of glass 
beads have been conducted by Jafari et al., (2014a; 2014b), focusing on their use in radiation 
dosimetry. The latter have diameters down to approaching 1 mm. Accordingly, the silica-based 
dosimeters have been shown to offer several advantages compared to the popularly used 
phosphor-based TL dosimeters, not least their spatial resolution but also including their 
reproducibility, reusability, low fading and cost, robustness, and water impervious constitution. 
Present work examines prospects for the use of silica-based TLDs in measuring scattered radiation 
dose to the lens of eyes of patients receiving stereotactic radiosurgery (SRS), also taking into 
account the dose received from the treatment planning stage computed tomography scan (CT). 
The overall intention is to evaluate capability for measuring doses within the 0.5 Gy guidance 
value for mitigation of risk of opacities of the eye (ICRP, 2012). For this, measurements have 
been made as part of a multi-centre dosimetric audit of 20 centres in total, investigating the range 
of SRS/SBRT machines and techniques adopted for a single brain metastasis using a series of 
small silica-based detectors and an anthropomorphic head phantom. In satisfying the present aims, 
custom-designed holders have been fabricated to carry three types of TLD: Ge-doped fibres, 
glass-beads and TLD-100, the latter adopted as a reference dosimeter of similar diameter to that 
of the lens of the eye (~ 10 mm). In addition, a CIRS (Norfolk, VA) Stereotactic End-to-End 
Verification Phantom “STEEV” and a bespoke 3D-printed (goggle) insert for the head phantom 
have been utilized.   
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3.2 Materials and methods: 
3.2.1 Preparation of the thermoluminescence dosimeters: 
 
The work involves use of three types of TL dosimeter: commercial Ge-doped SiO2 fibres 
(CorActive, Canada), doped-core diameter 50 μm, cladding diameter 124.7 ± 0.1 μm, mass 0.20 
± 0.001 mg; a batch of clear glass beads, 1.5 mm diameter, 1 mm thick outer shell (Petite: Stock#: 
G42010, Mill Hill, Japan), mass 3.9 ± 0.1 mg, and; LiF: Mg,Ti, (Teledyne/IsotopesTLD system, 
50 Van Buren Ave, Westwood), diameter 9.12 ± 0.1 mm, thickness 0.4 ± 0.01 mm and mass 0.05 
g; an electronic balance fig (3.1: a) ( was used to measure dosimeter mass. Prior to irradiation, the 
optical fibre samples were prepared, first carefully removing the outer polymer coating to the 
optical fibre, use being made of a fibre stripper (Miller, USA) for removal of the buffer coating, 
avoiding scratching of the glass fibre. Subsequently, a cotton cloth containing methyl alcohol was 
used to clean the stripped silica-fibres to ensure complete removal of any residual polymer or 
impurities. The fibres were then manually cut using a diamond cone-point cutter, providing 
dosimeters of length (3 ± 0.4) mm, making them suitable for eye lens measurement at various 
locations across the eye should this be required. The glass beads were prepared as detailed in a 
previous study, including effective removal of surface coating/colouring materials by washing for 
30 minutes in an ultrasonic bath containing a 10-20% nitric acid or formic acid solutions (Jafari 
et al., 2014a).  
 
3.2.2 Annealing and readout: 
In order to standardize thermal history and sensitivity, removing residual TL signal and 
returning the samples to initial conditions prior to irradiation, all samples were placed in 
alumium plate Fig. (3.1:b) annealed in a furnace (Carbolite, U.K) at 400 0C  Fig. (3.2:a) 
for a period of one hour with a subsequent cooling rate of 1 0C per minute. The TLDs 
were then kept at 80 0C for 16 hours and then left in the oven to allow the samples to 
further cool down naturally over a period of 24 h (Jafari, 2014a). For readout of the TLDs, 
a Harshaw model 4500 TLD reader supported by WinREMS software was used fig (3.2:b) 
The time-temperature profile (TTP) was set to a preheat temperature of 160 0C for 10s, 
with a subsequent readout temperature of 300 0C maintained for 25 s and a heating rate 
cycle of 35 0C s-1 (Jafari, 2014b). During the readout process, a slow flow of nitrogen gas 
was supplied to inhibit sample oxidation. 
 76 
 
Figure 3-1 The electronic balance. Aluminum plate to carry the samples  (A+B) 
 
Figure 3-2 A furnace (Carbolite, U.K). Harshaw reader  has been used for readout  (A+B) 
 
3.2.3  Selection of uniformly responsive dosimeters: 
 
Prior to the audit, screening of the dosimeters was conducted, ensuring selection of dosimeters of 
approximately equal length, mass and sensitivity, discarding those with sensitivity outside of a 
selected range from the mean TL yield as well as those conforming to the prescribed dimensions 
(Noor et al., 2010). For this, a batch of glass beads and a group of optical fibres were irradiated 
to a photon dose of 1 Gy, using a 6 MV photon beam produced by a Varian Clinac accelerator 
(Varian Medical Systems, Palo Alto, CA), delivering dose at the rate of 100 cGy/min at a source 
to phantom surface distance (SSD) of 98.5 cm (use being made of a 30 × 30 × 6 cm Solid WaterTM 
slab phantom to provide for full backscatter conditions), source-to-detector distance (SDD) of 
100 cm and 10×10 cm field size. The screening process for the silica-based TLDs involved 800 
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glass beads and 500 Ge-doped optical fibres. For the TLD-100 dosimeters, individual calibration 
factors were produced for the total of 150 samples that were available.  
3.3 Calibration procedures: 
For SRS calibrations, irradiation of the silica-based TLD samples was performed using a Varian 
TrueBeam STX linear accelerator (Varian Medical Systems, Novalis), again operated at 6 MV 
and set to a 10 x 10 cm field size at SSD of 98.5 cm fig(3.3:a). The source to detector distance 
(SDD) was set to 100 cm and a dose-rate of 600 MU/min was selected (note that MU stands for 
Monitor Unit and 1 MU is equivalent to 1 cGy/min), a dose of 0.5 Gy being delivered to the 
dosimeters. In addition, for those samples used in assessing CT doses incurred during planning-
stage CT-scanning, calibration for the silica-based TLD have been performed via irradiations 
made using a Gulmay orthovoltage x-ray machine (Gulmay Medical, Surrey, UK) located at the 
Royal Surrey County Hospital. A uniform dose of 1 Gy was delivered to the dosimeters. Note 
that both machines were made available complete with calibrations at the particular accelerating 
potentials, these patient facilities enjoying regular calibrations using calibrated ion chambers 
traceable back to primary standards. As previously noted, the TLD-100 dosimeters have been 
included as a reference dosimeter, their function being to provide an evaluation of dose across the 
lens and monitoring of the anticipated dose variations between SRS centres. Such dose variations 
are a result of the varying practices at each centre, scattered doses to the eye varying accordingly.  
 
Figure 3-3 preparation of irradiation the samples. process of irradiation (A+B) 
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3.4 Energy response of the three TLDs from x-rays generated at kVp 
potentials: 
kV photon irradiations of a set of samples from each type of the three dosimeters were performed 
using the orthovoltage x-ray unit previously mentioned fig (3.4). The samples were placed on the 
surface of the 30 × 30 × 6 cm Solid Water slab phantom and standard output setups for each 
nominal beam energy were used to deliver a dose of 1 Gy at 80, 140, and 250 kVp, with Half-
Value Layers (HVLs) of 2.4 mm Al, 6.6 mm Al, and 2.7 mm Cu respectively. The close-ended 
applicator was used at 140 kVp, and 250 kVp, while a circular open-ended applicator was used at 
80kVp. 
 
Figure 3-4 Irradiation using Gulmay machine 
3.5 Verification of energy response from x-rays generated at MV 
potentials: 
An investigation was also carried out of the energy response from x-rays generated at 
potentials in the MV range (6 MV and 10 MV), using selected samples of Ge-doped 
optical fibres, glass beads and TLD-100, all given a dose of 1 Gy using the Varian 
TrueBeam STX linear accelerator. 
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3.6 Dose response and linearity: 
TL dose response and linearity were examined prior to use. For this, dosimeter samples 
were irradiated to a range of doses, from 0.04 to 0.70 Gy, again using the Gulmay 
orthovoltage x-ray unit, this time operated at 140 kVp. 
3.7 Fading and Readout: 
For the fading experiment, irradiations were made at 6 MV, with the Varian linac 
delivering a dose of 1 Gy. For this test, 10 samples from each TLD type were read out on 
each day over the 30 days of the study. All the samples were irradiated and read out at 
the same time each day. Post-irradiation, the TLDs were kept under the same conditions 
as those maintained prior to irradiation, the samples being stored in a light-tight box held 
at room temperature until measurement of TL yield was obtained. For readout, for all 
three types of TLD, a Toledo system (Pitman Instruments, Weybridge, UK) was used 
with parameters as follows: preheat temperature of 160 ºC for 10 seconds; readout 
temperature of 300 ºC for 25 seconds; ramp rate of 25 ºC /sec. For subsequent annealing 
a temperature of 300 ºC for 10 seconds was set, as reported by Noor et al. (2012). The 
same machine was used throughout present investigations. 
3.8 Anthropomorphic Phantom for Eye Lens Measurements: 
As part of the radiosurgery dosimetry audit, use was made of a commercial 
anthropomorphic phantom, Stereotactic End-to-End Verification Phantom “STEEV” 
(CIRS, Norfolk VI, USA), shown in Fig (1a). The phantom can provide for checking of 
each step in the SRS treatment procedure, from diagnostic imaging with CT through to 
treatment plan verification. A variety of interchangeable tissue equivalent inserts suitable 
for small field dosimetry were placed into STEEV (Dimitriadis et al., 2017), each loaded 
with the TLDs. The aim of the adaptation was to simulate a typical radiosurgical patient 
treatment.  
3.9 Goggle 3D insert and the holders: 
Use was made of 2D and 3D computer-aided design software to produce a bespoke 3D-printed 
goggle insert (VisiJet®M3 Crystal, USP Class VI certified for approved medical applications for 
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the head phantom); see Fig (3.5 b). In the work herein, the 3D-printed goggle insert was positioned 
on the head phantom to allow reproducible placement of the TLD holders. The customized holder 
(Fig 3.5c) accommodates the eye dimensions and the effective depth to the lens (Charles et al., 
1975), taking the form of cylindrical light-tight black boxes, lid-thickness 3 mm, a thickness 
allowing for evaluation of Hp(3) under well-determined conditions. The holder was made from 
black acetal rod, acetal being a high mechanical stability polymeric material, an approximately 
tissue equivalent medium in respect of its effective atomic number, albeit with a density of 1.41 
g cm-3, the latter value being similar to that for the dosimetric material alanine. Acetal also 
possesses the important facets of having the machining properties of metals and also has been 
widely used as a surgical implant material (acetal, a Polyoxymethylene engineering 
thermoplastic, was supplied for the study herein by RS Company, Concord, CA). Inside the box, 
a groove was made on the edge of a circle of 10 mm diameter, the latter value being comparable 
to the average lens diameter. The groove of 1 mm width and 1.5 mm depth was chosen to suit the 
particular glass bead size. The Ge-doped SiO2 fibres were located on sticky paper, subsequently 
folded, the TLD-100 then being placed on top of the paper, Fig (3.5 d). Choice of the 9.1 mm 
diameter TLD-100 ensured that the dosimeter covered the typical 10 mm lens diameter of an 
adult, providing for evaluation of dose given in an anticipated non-homogeneous dose distribution 
across the lens. 
 
Figure 3-5 STEEV phantom, covered by the patient immobilization mask during the set-up process. 
(b): The 3D goggle. (c): The 3D goggle insert with the labelled Teflon holders. (d): the three types of 
TLDs placed inside one of the holders. The nominal 9 mm diameter TLD-100 is to be noted, this 
dosimeter being used as a monitor of the relative variations in dose. 
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3.10 Results and discussion: 
 
 
Figure 3-6 The TL yield distribution of Ge-doped SiO2 optical fibres irradiated with 6 MV photons 
and 1 Gy. The green band represents 3% of the mean 
 
Figure 3-7 The TL yield distribution of glass beads irradiated with 6 MV photons and 1 Gy. The 
blue band represents 3% of the mean. 
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Figure 3-8 Dose response using the Gulmay x-ray machine machine operated at 140 kVp. Note the 
comparable sensitivity of the TLD-100 and fibre dosimeters. Although the glass beads express a 
reduced low dose sensitivity relative to the two other types of TLD, being well suited to primary 
beam radiotherapy assessments, as will be seen later they nevertheless also provide for dose 
assessment in the dose region of interest. 
 
Figure 3-9 Nominal photon energy response for the various TLDs all irradiated to a uniform dose 
of 1 Gy, using: (i) a Gulmay orthovoltage x-ray machine delivering accelerating potentials of 80 to 
250 kVp and; (ii) a linac operating at 6 and 10 MV. Note the greater response at the kVp values due 
to the strong atomic number dependence of the photoelectric absorption process at the lower 
photon energies. The x-axis is not linear, instead providing a compact account of TL response at the 
five nominal energy (accelerating potential) points. 
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Figure 3-10 Fading of the TL signal over a period of 30 days post-irradiation, normalized to day 10. 
Comparable degrees of fading are observed following the first 24 hours after irradiation. 
 
Figure 3-11 SRS-linked dose to the lens of the eye measured using the three types of TLD, evaluated 
in 20 radiotherapy centres, the centres using different SRS machines and techniques with 
consequent dose variations. Note is made of the use of TLD-100 to both evaluate the dose to the lens 
measured across the entire lens, while also monitoring the variations in dose observed in a non-
homogenous field, tracking the overall variational trend seen for the silica-based TLDs. Note the 2 
uncertainty error bars. The line at 0.5 Gy emphasizes the point that no measurement has been 
observed to exceed this value. 
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Figure 3-12 Planning-stage CT scan dose, to the lens of the eye for the three types of TLD, 
measured in the 20 radiotherapy centres. The data are raw dose, uncorrected for energy response 
in the case of the silica-based TLDs. The dose corrected values typically reduced by a factor of two 
are shown in Table 1. 
 
Fig 3.9 depicts the effective photon energy response for the three TLD types, use being made of 
a Gulmay x-ray machine operated at three different kVp potentials and also of a linac operated at 
6 and 10 MV. The TL responses have been normalized to that obtained at 6 MV. The response of 
the optical fibres and glass beads show large but similar energy dependence, compared to the 
TLD-100, of the order of 2.5, 2.1 and 1.2 at 80 kVp, 140 kVp and 250 kVp respectively. Here it 
is to be noted that photoelectric absorption interactions take place more predominantly for the 
silica media than for the LiF based TLD-100, with an approximate third power dependence on 
the effective atomic number (Zeff) [with Zeff of 8.2 for TLD-100 and 10.5 for the doped silica 
(glass bead) media, the third power ratio of these two gives rise to a factor of 2.1. This effect is 
of limited practical impact at SRS energies, effectively being restricted to the CT energies only; 
account has been taken of this in obtaining CT dose values.  
Fig 3.8 represents the dose linearity of the three types of TLD, within the associated uncertainties 
revealing comparable response of the TLD-100 and optical fibres. The lower response of the glass 
beads in the low dose regime is unsurprising, its particular utilization to-date being in 
measurement of radiotherapy doses (Jafari et al., 2014a; 2014b). Thus said its response remains 
of considerable utility in respect of the current dose levels of interest, as will be seen later. 
Furthermore, in regard to the considerable sensitivity of the present optical fibres comprising a 
50 µm diameter Ge-doped core surrounded by a silica medium of outer diameter 120 µm, one 
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makes note of previous investigations of the TL sensitivity of other diameter Ge-doped core 
optical fibres (of the same dopant concentration per unit volume and same outer diameter of fibre) 
(Bradley et al., 2012). Comparing 8- and 50 µm core size Ge-doped optical fibres irradiated to 
the same Gulmay Superficial X Ray unit as used herein, at 80 kVp it was found that the 50 µm 
doped core diameter optical fibre produced a TL response 39 times that of the 8 µm doped core 
fibre, indicative of a response scaling proportionally with the areal extent of the dopant.  
Post-irradiation TLD signal fading 30 days subsequent to irradiation has been shown to be 6 %, 
8 % and 10 % for the TLD-100, optical fibres and glass beads respectively (Fig 3.10). The minimal 
disparity between the TL media is in line with the work of others, typically in the range 1–10% 
30 days post irradiation, with differences arising from factors such as experimental setup, storage-
temperature, choice of annealing cycles and the glow-curve peaks used to determine dose (Noor 
et al., 2010). The fading of TL signal has been taken into account in producing the dose results of 
present study, traced back to the calibrated performance of the TLDs. Note is also made of the 
initial period of rapid fading of TL signal over the first 24 hours post irradiation, a situation 
typically familiar across the general range of TL media. As has been practiced herein, it is 
conventional to avoid readout until a more stable situation is obtained, beyond that of the initial 
24-hour period. 
 
Fig 3.11 shows the summary results for dose to the lens of the eye for the SRS procedures 
conducted at the 20 medical centres, with variation between the centres resulting from use of 
different incident energies, different incident doses and different SRS machines at each centre, as 
well as differing scatter fractions produced from within STEEV. The dose uncertainty values are 
consistent with a coverage factor k = 2, from use of 10 to 20 dosimeters per evaluation using the 
silica TLDs to obtain a 2 sigma standard deviation. As noted previously, in making use of the 
TLD-100 dosimeters, the observed dose is that for the eye lens as a whole, variations between the 
various SRS centres also being reflective of that observed for all three TLD types. As seen, the 
general trend in variation in TLD-100 values across the 20 centres to a good degree tracks the 
variations seen in use of the other two detector types. An important finding is that the lens dose, 
as identified by the TLD-100 monitor, has comprehensively remained below 0.5 Gy, albeit in 
some cases by a modest amount. For the CT scan results, and again as identified by the TLD-100 
monitor, Fig 3.12 records the greatest dose to the lens of the eye to be of the order of 0.08 Gy. 
For the silica-based media the energy response has not being taken into account in Fig 3.12. Table 
3.1 gives a more detailed account of the lens dose values resulting from the stereotactic 
radiosurgery procedures and CT scans for the 20 radiotherapy centres; the mean CT scan doses 
quoted for the silica-based media have been corrected for energy response. The table also 
identifies the SRS technology used. The maximum SRS-related doses were obtained in respect of 
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the flattening filter free (FFF) 6 MV linac, at 0.36 ± 0.010 Gy, 0.34 ± 0.02 Gy and 0.18 ± 0.01 
Gy using the Ge-doped optical fibres, glass beads and TLD-100 respectively. Conversely, the 
lowest absorbed dose was that obtained using a 6 MV linac, at 0.17 Gy ± 0.02, 0.17 Gy ± 0.02 
and 0.09 ± 0.01 Gy for the Ge-doped optical fibres, glass beads and the TLD-100 
respectively.  The disparity between the mean values for the silica dosimeters and the TLD-100 
remains to be resolved; one factor may concern the spectrum of scattered radiation, providing a 
slightly different energy response than that used. 
 
Table 3-1Mean SRS and CT doses, the former categorized with respect to SRS technology 
 
  
Machine Type Number of 
Radiotherapy 
Centres 
Dose using Ge-doped 
optical fibre   (Gy) 
Dose using Glass 
Beads (Gy) 
Dose using 
TLD-100 (Gy) 
Gamma Knife 6 0.26 ±   0.04 0.26 ± 0.03 
 
0.13 ± 0.02 
6 MV LINAC 3 0.17 ±   0.02 
 
0.17 ± 0.02 0.09 ±  0.01 
6 MV LINAC-FFF 1 0.36 ±   0.01 0.34 ± 0.02 0.18 ± 0.01 
10 MV LINAC FFF 2 0.23 ±   0.02 0.24 ± 0.03 0.11 ± 0.02 
Cyberknife 1 0.36 ± 0.04 0.35 ± 0.03 
 
0.15 ± 0.04 
 Tomotherapy 
 
1 0.35 ± 0.05 0.35 ± 0.01 0.18 ± 0.02 
 
2D x-rays-6MV 6 0.18 ± 0.05 0.18 ± 0.05 0.09 ± 0.02 
 
Mean for SRS 20 0.26 ± 0.10 0.26 ± 0.09 
 
0.13 ± 0.06 
Mean CT scan dose  20 0.06 ± 0.02 
 
0.06 ± 0.02 
 
0.03 0.01 
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3.11 Conclusion: 
 
The audit results concern 20 radiotherapy centres around the UK. The results show none of the 
centres in their use of SRS-related technology to be exceeding the new threshold dose to the lens 
of the eyes of 0.5 Gy. For the CT scan the range of mean dose to the lens is from 0.03 ± 0.02 Gy 
to 0.08 ± 0.02 Gy, account having been taken of the enhanced photoelectric response recorded by 
the silica-based dosimeters. The feasibility of using the new TLDs (Ge-doped optical fibre and 
glass beads) for measurement of central and peripheral lens dose in a dosimetry audit have been 
shown to be practical. At CT energies, careful energy calibration is required in order to take 
account of the greater effective number of the silica dosimeters compared to that of the more soft-
tissue equivalent phosphor TLDs that are available.  
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Chapter 4  
4 Investigation of silica-based TL media for 
diagnostic x-ray dosimetry   
4.1 Introduction: 
Much of the content of this chapter has been published in the journal “Radiation physics and 
chemistry”:Amjad.Alyahyawi,Z.SitiRozaila,A.S.SitiShafiqah,SitiNurbainiSabtu,A.Alsubaie,A.
Alanazi.,Eman.Daar,S.F.Abdul Sani, D.A.Bradley.,2017.Volume (140),November 2017, Pages 
78-82. “Investigation of silica-based TL media for diagnostic x-ray dosimetry” (Appendix 
A).  
The right to include the article in any thesis or dissertation has been obtained during assignment 
of copyright with the publisher. Worldwide, the use of X-ray radiology continues to grow in 
accord with the benefits that its various techniques bring to the health of modern populations. It 
is therefore perhaps not surprising to learn that within the context of modern society it is typically 
the case that diagnostic radiology provides the greatest contribution to population dose of all 
artificial ionizing radiation contributions received. Thus said, ideally the associated doses should 
be optimal for the information required and certainly should not reach or exceed the threshold for 
deterministic effects. In the conduct of diagnostic radiology, in working towards achieving the 
optimal situation of maximum benefit for minimum risk, it is important to be able to make 
accurate dose measurements with minimal disruption to the routines of diagnostic practice. This 
can be achieved by the use of a proper radiation dosimeter (Dewerd and Wagner, 1999). 
Thermoluminescence dosimeters (TLDs) are widely used for patient dosimetry in diagnostic 
radiology, typically in the form of lithium fluoride or lithium borate, both of which are dose 
sensitive and tissue equivalent (Faulkner et al, 1999). However, these phosphors have a number 
of drawbacks, including being hygroscopic (Hashim et al., 2009) and of relatively poor spatial 
resolution, up to a few mm (Mahdiraji et al., 2015), together with the added disadvantage of 
energy dependence at the lower energies (Edwards et al., 2005). Here we focus interest on the use 
of novel TLD materials based on doped SiO2 optical fibres, typically produced using the modified 
chemical vapour deposition (MCVD) method. Ge-doped capillary optical fibres (COF), also Ge-
doped  
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capillary optical fibres co-doped with boron, can be collapsed down into flat fibres (FF) or the 
capillaries can be stacked into an outer glass tube to then be drawn down into fibre. The latter are 
known as collapsed Photonic Crystal Fibre (PCFc) (Dermosesian et al., 2015b). Due to the fused 
inner walls defects have been generated, thus increasing the sensitivity of the PCFc 
(Dermonsesian et al.,2015a).  In recent years, researchers have sought to investigate the potential 
of silica (SiO2) optical fibres in detecting several types of ionizing radiations (Bradley et al.,2012; 
Yusoff et al., 2005; Saeed et al,2015). Efforts have been made to improve the TL response of 
SiO2, with studies carried out using either different phosphor additives or other extrinsic dopants 
in glass and optical fibres, the dopants including germanium (Yaakob et al., 2011; Benabdesselam 
et al., 2013; Issa et al., 2012), aluminum (Yaakob et al., 2011), lithium and barium (Timar-Gabor 
et al., 2011), zirconium oxide (ZrO2) (Salah et al., 2011), copper activated calcium borate 
(CaB4O7:Cu) nanocrystals (Erfani Haghiri et al., 2013), manganese doped calcium tetraborate 
(CaB4O7:Mn) nanocrystal (Erfani Haghiri et al., 2013), lithium potassium borate glass doped with 
titanium oxide (TiO2) and magnesium oxide (MgO)  (Alajerami et al., 2013).  
Research has pointed to improvements in the TL response of the glass or optical fibres through 
the adding of extrinsic dopants (Fadzil et al.,2014; Zahaimi et al., 2014a). For 6 MeV irradiations 
of pure flat-fibre and PCF, TL yields per unit mass of some 12.0 and 17.5 times that of the 
undoped capillary-fibre have been obtained respectively, related to the strain generated defects. 
Therefore, in conjunction with the existence of dopant in enhancing the TL response, the increase 
in fused surface areas of flat-fibres and PCF has proven to be a further important factor in 
improving the TL yield of fibres. Further evidence for this has been shown in the results of a Ge 
doped optical fibres collapsed into a flat shape, the TL response of the FF being found to increase 
by a factor of 6 over that of the doped capillary (Bradley et al., 2015). It was found that an 
enhancement of TL response in GeB-FF some 31 times greater than that of GeB-COF could be 
obtained. Thus, research has demonstrated the collapsing technique to be an effective method in 
fabricating high sensitivity silica fibre dosimeter sensors (Mahdiraji et al, 2015). In current study, 
Ge or Ge-B PCFc, and commercially available Ge-doped optical fibres (SMF) have been tested, 
investigating their ability to measure the relatively low doses associated with the chest x-ray 
examination. TLD-100 in disc form was used as a reference in this study.  
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4.2 Materials and Methods: 
4.2.1 Sample preparation: 
 
Present work involves the use of three types of optical fibre: commercial Ge-doped SiO2 
fibres (CorActive, Canada) with core diameters of 50 μm, with respective clading 
diameter of 124.7 ± 0.1 μm, silica-based PCF doped with 8.5% by weight of Ge or Ge-B, 
with outer diameters of 125 µm and 140 µm respectively. The PCFs have been made 
using the process of modified chemical vapour deposition (MCVD), then pulled into fibre 
at the Department of Electrical Engineering, University of Malaya. During pulling, a 
vacuum pressure was applied from the top of the glass tube in order to collapse the tube 
into a flat shape. This causes the inner walls to fuse, generating defects. Later, the preform 
was re-pulled into 125 µm and 140 µm fibre size (matching with typical values for 
commercially available optical fibres that have been investigated as TLDs in the past). 
Later,  the fibre samples were manually cut into 0.5 ± 0.1 cm lengths using using a 
diamond-cutter and weighed using an electronic balance. The choice of size corresponded 
to the circular planchet of the TLD reader. Next, the samples were placed in an aluminium 
plate and then wrapped with aluminium foil prior to an initial annealing process. The 
response of the PCFs have been compared with TLD-100 disc (Teledyne/Isotopes TLD 
system, 50 Van Buren Ave, Westwood) the latter being of dimension being of diameter 
9.12 ± 0.1  mm, thickness 0.4 ± 0.01 mm, and of the mean mass 52.2 mg.  
4.2.2 Annealing: 
To standardize thermal history and sensitivity, removing residual TL signal and returning 
the samples to initial conditions prior to irradiation (Zahaimi et al., 2014b), all samples 
were annealed in a furnace (Carbolite,U.K), annealed at 400 ⁰C for a period of one hour 
and then left in the furnace to allow the samples to cool down naturally over a period of 
24 h. For readout, a Harshaw model 4500 TLD reader supported by WinREMS software 
was used to perform the TL measurements. The time-temperature profile (TTP) was set 
to a preheat temperature of 160 ⁰C for 15s, with a subsequent readout temperature of 300 
⁰C maintained for 30s and a heating rate cycle of 30 ⁰C.s-1. During the read out process, 
a slow flow of nitrogen gas was supplied to inhibit sample oxidation. For each sample, 
the TL yield was normalized to its mass, obtaining results in µC/g. 
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4.3 Sample irradiation: 
All dosimeters were irradiated using an X-ray unit located at the University of Surrey, operated 
at a tube potential of 80 kVp, to deliver a dose of 10 mGy. Only those PCFs, SMF and TLD-100 
providing uniform response to within ± 4% of the mean TL yield were used.  
 
 
Figure 4-1 Measuring the output of the x  ray tube before irradiation. The head of the chest x-ray 
machine contains the x-ray tube. (A+B) 
4.3.1 Dose response:  
For study of TL versus dose, use was made of a medical chest X-ray machine located at 
the Royal Surrey County Hospital (a Philips E7252 general x-ray tube, using a Tingle 
Medical Systems generator), with inherent filtration of 0.9 mm Al at 75 kVp with a 
measured total filtration of 2.8 mm Al at 80 kVp. The tube potential of 80 kVp was 
selected to deliver doses that ranged from 0.1 mGy to 10 mGy. A 6 cm3 ion Radcal 9095 
ion chamber was selected to measure the output of the system during the TLD exposures, 
all of which were made in full backscatter conditions. 
4.3.2 Energy dependence: 
For study of energy dependence, nominal x-ray tube potentials of 80 kVp, 100 kVp and 
120 kVp were selected. Identical doses of 10 mGy were employed. 
4.3.3 Fading and Readout: 
In order to investigate signal loss a nominal tube potential of 80 kVp and a dose of 10 
mGy were used. Post-irradiation, the TLDs were kept under the same conditions as 
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maintained prior to irradiation, the samples being stored in a light-tight box held at room 
temperature until measurement of TL yield was obtained.  
4.4    Effective atomic number Zeff : 
The effective atomic number plays a significant role in the strength of photon interactions 
with matter. Detailed study of Zeff has been previously performed by members of our 
group in investigating the effective atomic number of the PCFs and SMF. Using the 
Mayneord equation, Zeff was calculated to be 12.7 and 15 for PCFc-Ge and PCFc-Ge-B 
respectively (Rozaila et al., 2016), while a value of 11.5 was reported for SMF by 
(Hashim et al., 2013). In medical applications it is generally preferable for a dosimeter to 
be soft-tissue equivalent (with Zeff of 7.14) (Ibrahim et al., 2014), ensuring independence 
from the incident photon energy at the energies used in radiodiagnosis. Hence, due to the 
non-soft-tissue equivalence of both PCFs, there is need for calibration for dose deposition 
in soft tissues (Hashim et al.,2014). Thus said, the present media have a Zeff that is 
comparable to that of bones, with values between 11.6 – 13.4, making them suitable for 
bone dosimetry in the absence of detailed correction. The added advantage of the PCFs 
is that these glassy media are entirely impervious to water, being suited to in vivo medical 
application (Abdul Rahman et al., 2012).  
4.5 Results and discussion: 
4.5.1 Dose response: 
 
The dose response of the collapsed PCFs, SMF and TLD-100 are illustrated in Fig.4.2. Each point 
represents the mean of three repeat measurements, with the data normalized to sample mass and 
error bars of one standard deviation. The lines are least-squares straight line fits to the data. Mass 
for mass, the TL yield of the PCFc-Ge-B and PCFc-Ge as presently fabricated and the SMF have 
been found to be respectively 15×, 10× and 2× that of TLD-100.  
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Figure 4-2TL response of the collapsed PCFs and TLD-100 subjected to doses in the range 0.1 mGy 
to 10 mGy (encompassing the range of doses normally used in chest radiography tests), 
4.5.2 Energy response: 
 
Figure 4-3 Energy dependence of collapsed PCFs, SMF and TLD-100, irradiated to a dose of 10 
mGy, use being made of x-rays obtained at 80 kVp, 100 kVp and 120 kVp. (Note: The inset 
provides an expanded view of the TLD-100 response. 
The TL response per unit mass is depicted for the x-ray photon energies that are typically 
applied in obtaining chest radiographs, obtained using accelerating potentials of 80 kVp, 
100 kVp, and 120 kVp. The collapsed forms of PCFs, the SMF and the TLD-100 show 
similar patterns of variation, albeit differing in magnitude. The results reflect the effective 
atomic number Zeff as previously mentioned, dominated by the photoelectric effect and 
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Compton scattering and the complexities of attenuation among the differing dimensions 
of the three TL types. It is clearly seen that the PCFc-Ge-B response is approximately 
double that of the PCFc-Ge, while SMF and TLD-100 represent a very low response 
compare to PCFs. It is observed that the lowest response for all types of dosimeters was 
obtained at 100 kVp, while the lowest response was that obtained at 120 kVp. A previous 
study, performed at the University of Malaya using the same PCFs samples, covered a 
wide range of effective X-ray energies from 10 keV to 100 keV. The results showed that 
the greatest TL responses were obtained at an effective energy of 40 keV (typically 
considered to be obtained from a 120 kVp spectrum) for PCFc-Ge-B and TLD-100 and 
at 30 keV (typically considered to be obtained from a 90 kVp spectrum) for PCFc-Ge, 
noting that it is particularly at the lower photon energies ranging from 10 keV to 50 keV 
that the dominant effect of the photoelectric effect is most pronounced. 
 
4.5.3 Sensitivity: 
The sensitivity of a TL dosimeters, defined as TL yield per unit dose per unit mass of the 
sample (Wagirana et al., 2015), is an important characteristic in representing material 
response. In present study the TL sensitivity is expressed as the TL yield per unit mass of 
dosimeter and per unit of a dose (µC g-1 Gy-1). With selected dosimeters from the same 
batch having slightly different sensitivity, the mean readings of three dosimeters were 
taken at each dose. Fig 4.5 shows both forms of PCFc to have superior sensitivity to that 
of the SMF and TLD-100. The TL response per unit absorbed dose of PCFc-Ge-B, PCFc-
Ge, SMFand TLD-100 were 7.44 µC/g.mGy, 3.861 µC/g.mGy, 1.34 µC/g.mGy and 0.21 
µC/g.mGy respectively. The sensitivity of PCFc-Ge-B is some 39 times that of TLD-100. 
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Figure 4-4 Sensitivities of collapsed PCFs, SMF and TLD-100. The inset shows an expanded view to 
represent the very much smaller response of the TLD-100. 
4.5.4 Fading: 
Fig 4.5 shows the post-X-ray irradiation signal loss of collapsed PCFs, SMF and TLD-
100 as a function of storage time. Over a period of 30 days post-irradiation the fading loss 
for the PCFc-Ge was 20% while that for PCFc-Ge-B was 13%; in comparison, the 
respective loss in TLD-100 was 7%. The mean loss in TL response for the PCFs has been 
estimated to be 0.4% - 0.5% per day.  
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Figure 4-5 The loss in TL yield over a period of 30 days post-irradiation for the collapsed PCFs and 
TLD-100, irradiated to a dose of 1Gy. 
4.6 Conclusion:  
In this study we have assessed the feasibility for use of novel, doped collapsed Photonic 
Crystal Fibres (PCFs) as effective dosimeters for diagnostic applications, in particular for 
chest radiology. We have investigated the dose linearity, energy dependence, sensitivity 
and the fading of the particular PCFs. For the particular PCFs, the PCFc-Ge-B is  ̴ 15 ×, 
PCFc-Ge  ̴10 ×, and SMF  ̴ 2 more sensitive than TLD-100, indicating them  to be an 
efficient tool for measurement of the relatively low doses seen in single image radiology 
applications. It is clear that the enhancement in sensitivity for both forms of doped PCFs 
is associated with their greater 𝑍𝑒𝑓𝑓  as well as the strain-related defects that result from 
the stacked capillary structure and the deformation of these. Over 30 days post-irradiation, 
the rate of fading for PCFc-Ge, PCFc-Ge-B, SMF, and TLD-100 were found to be 20%, 
13%, 8% and 7% respectively, being for all dosimeters in the range of 0.4 - 0.5 % per 
day. Despite the greater  𝑍𝑒𝑓𝑓  of the PCFs, requiring correction in their application for 
soft tissue dosimetry, they can be considered to be more easily applied in regard to bone 
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dosimetry. In spite of the elevated energy dependence of PCFc, the associated sensitivity 
and low fading rate make them favourable for diagnostic dosimetry.  
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Chapter 5 
5 Tailor-made Ge-doped Silica-glass for 
Clinical Diagnostic X-ray  Dosimetry 
5.1 Introduction: 
Much of the content within this chapter has been published in the journal “Radiation 
Physics and Chemistry”: Amjad Alyahyawi, T. Jupp, M. Alkhorayef, D.A. Bradley. 2018. 
Volume (138), August 2018, Pages 45-49. “Tailor-made Ge-doped Silica-glass for 
Clinical Diagnostic X-ray Dosimetry” (Appendix A). The right to include the article in 
any thesis or dissertation has been obtained during assignment of copyright with the 
publisher.  
The evaluation of patient dose associated with x- and gamma-radiation diagnostic 
techniques remains a notable challenge, detector system performance needing to keep 
pace with the rapid developments in radiation applications in medicine. Since the 1980s, 
considerable attention has been given to ensure that the doses delivered to patients in 
ionizing radiations imaging examinations are limited to stochastic risk, also optimized in 
accord with the ALARA principle. It is within such context that sensitive measurement 
of imaging doses through use of a passive form of dosimeter is the focus of present 
research. 
 
Thermoluminescence (TL) yield represents the basis of several effective forms of 
dosimetry, such practical systems needing to approximate the characteristics desired of 
ideal dose monitors, providing for use in a number of arenas, including environmental 
dosimetry, personal dosimetry and patient dosimetry. Existing TL Dosimeters (TLD) are 
known to typically enjoy several advantageous features, including small size (typically 
with dimensions of a few mm diameter for the phosphor types, offering reproducibility 
and accuracy to within 3 %, and relatively low minimum dose detectability, down to the 
sub mGy level). However, the inherent uncertainties in TL dosimetry, including in their 
application to diagnostic radiology remains an important area of need and consequent 
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research (see for instance, Mahdiraji et al., 2015a) and it is here that novel high sensitivity 
doped silica fibres are finding a niche, as discussed herein. 
 
To date, dosimetric studies have been carried out to examine the performance of a number 
of silica-based materials in several medical applications.  These media investigations 
include the response of Ge-doped SiO2 telecommunication fibre (with diameter 
approaching 100 µm, approximating the cross-sectional width of human hair) as a 1-D 
TLD for superficial X-ray beam therapy facilities (Bradley et al., 2012) as well as the TL 
response of tailor-made Ge-doped SiO2 fibres of similar dimension for accelerated 
electrons and megavoltage X-rays delivered by a linear accelerator (LINAC) and also for 
the 1.17 and 1.33 MeV gamma rays produced by a Co-60 irradiator (Entezam et al. 2016). 
External beam radiotherapy dosimetry applications using the TL from doped fibres have 
also been investigated and reported in the literature (Abdulla et al. (2001), Espinosa et al. 
(2006), Rahman et al. (2010), Bradley et al. (2012) and Mahdiraji et al. (2015a)). They 
have also been investigated in regard to brachytherapy, a radiotherapy technique seeking 
to satisfy the highly desirable need for highly localized source emplacement, delivering 
a localized high dose to the target while mitigating strongly against dose deposition to 
surrounding normal tissue energies (Issa et al. 2011). Conversely, for diagnostic and low-
energy x-ray photons these family of doped silica-based media have been very much less 
investigated, with to-date preliminary outcomes for these only being published by Rozaila 
et al. (2016) and Alyahyawi et al. (2016). 
The novel doped silica-based media that are applicable to imaging, as demonstrated 
herein, are a result of new fabrication methods that have been shown to radically improve 
upon the TL response of the fibres, collapsing down hollow capillary optical fibres (COF) 
into flat fibre (FF), producing fused inner walls and consequent strain-related defects 
generation. This is highly desirable in seeking sensitivity improvements of several orders 
of magnitude in moving application from the few Gy levels that typify radiotherapy dose 
delivery down to the small fractions of a mGy dose sensitivity required in some areas of 
diagnostic imaging using ionizing radiations. Research conducted using different types 
of optical fibre, irradiated by 6 MeV electrons (Mahdiraji et al. 2015b) has shown that the 
TL yield of Ge-B co-doped capillary fibre when collaped down into a FF leads to an 
increase in TL yield of in excess of 31 times that of GeB-COF. Likewise, the TL response 
of relatively pure silica PS-COF was found to improve by a factor of 6 in collapsing these 
down to a FF. The summary outcome is that the generation of strain-related defects from 
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the fusing/collapsing technique can significantly enhance the TL response of the optical 
fibres (Mahdiraji et al. 2015b). The same cited work contains an extensive discussion of 
the associated glow curves. For the doped collapsed Photonic Crystal Fibres (PCFs) 
irradiated using a lab source of x-ray photons, PCFc-Ge-B fibres were found to be  ~ 9 
and PCFc-Ge fibres ~ 7 more sensitive than TLD-100 (Rozaila et al. 2016), the 
subscript c denoting a collapsed fibre. Further research on the PCFs and SMFs using a 
chest x-ray machine have shown the relative TL yield of PCFc-Ge-B to be ~15, PCFc-
Ge ~10, and SMF ~ 2 that of TLD-100 (Alyahyawi et al., 2016). In regard to the 
doping itself, it has been reported that the co-doping of the fibre with boron and 
germanium provides a greater TL response than the use of Ge alone (Dambuli et al., 
2012). 
The aim of present work has been to obtain the features of Ge-B-doped collapsed (FF) 
and disc shaped Ge-doped silica, use being made of dental and mammography medical 
irradiating equipment. To determine the overall dosimetric performance of these doped-
glass media use was made of TLD-100 as a reference dosimeter. 
5.2 Materials and methods: 
5.2.1 Sample preparation: 
 
Ge-B-doped collapsed FF and Ge-doped silica, fabricated from a rod to finally produce 
thin discs, were fabricated in the form of doped preforms at the Multi Media University 
(MMU) and then pulled into fibre at the University of Malaya, in the case of the FF also 
being collapsed down into a thin medium, as suggested by the name. The Ge dopant 
concentration was measured by Energy Dispersive X-ray Fluorescence (EDX), obtaining 
6.3 mol% and 6 mol% respectively for the FF and discs. Not surprisingly our ability to 
measure dopant concentration using the EDX system did not stretch to that of measuring 
the boron, due to its very low atomic number.  
In more detail, the Ge-doped disc and Ge-B-doped collapsed FFs have been fabricated 
using the process of modified chemical vapour deposition (MCVD) (Dambuli et al., 
2012). To produce the FF during the pulling process, vacuum pressure was applied from 
the top of the glass tube in order to collapse the tube into a flat shape. This causes the 
inner walls to fuse, generating defects. Later, the preforms were re-pulled to produce a 
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3.65 mm rod from which disc-shaped Ge-doped silica could be created  and a 0.31 mm 
diameter Ge-B-doped flat fibre. Later, the GeB-doped flat fibre samples were manually 
cut into 3.5 ± 0.1 mm lengths, while the Ge-doped rod samples were cut to produce discs 
of nominal thickness 1.9 mm. Each of these two forms of dosimeter were weighed using 
an electronic balance, with respective mean masses of 2 mg and 40 mg. As previously 
mentioned, the response of the two forms of doped fibres have been compared with that 
of LiF-based TLD-100 discs (Teledyne/Isotopes TLD system) the latter being of diameter 
9.12 ± 0.1  mm, thickness 0.4 ± 0.01 mm, and mean mass 0.52g. 
 
5.2.2 Annealing: 
Prior to x-ray irradiation of the samples, they were first placed in accommodating 
indentations in an aluminium plate and then wrapped with aluminium foil, being then 
placed into an annealing oven (Carbolite, U.K). Both forms of doped silica dosimeters 
were annealed at 400 °C for a period of 1 hour in order to erase possible residual TL 
information from potential mechanically induced luminescence. Upon cessation of 
annealing, the samples were left inside the oven for a further 24 hours to allow slow 
cooling to avoid the setting up of thermal stresses, also being kept in the dark to minimize 
any environmental effects of temperature variations, as well as exposure to humidity and 
visible light. Post irradiation and in advance of any measurement, the samples were again 
kept for a period of 24 hours in order to stabilize the traps. In this study, TL measurements 
were performed using a Harshaw model 4500 TLD reader supported by WinREMS 
software. The time-temperature profile (TTP) was generated from use of a preheat 
temperature of 160 ̊C for 15s, an acquisition temperature of 300 ̊C for 30s and a heating 
ramp-rate cycle of 30 ̊Cs-1 During the read out process, all TL measurements were made 
in a nitrogen atmosphere in order to inhibit sample oxidation. For each sample, the TL 
yield obtained was normalized to unit mass of the particular TL medium, obtaining results 
in µC/g. 
5.2.3 Sample screening: 
To obtain a set of dosimeters of approximate uniform response a screening process was 
initially carried out in which through use of a general X-ray unit located at the University 
of Surrey, the entire set was irradiated to a dose of 1Gy. A tube potential of 80 kVp was 
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used. Only those samples providing uniform response to within ± 4% of the mean TL 
yield were selected for use in further investigations. Fig (5.1) and Fig (5.2) represents the 
Ge-doped disc fibre and the GeB-FF respectively. 
 
Figure 5-1 Ge-doped disc fibre 
 
Figure 5-2 GeB- Flat fibre 
5.3 Dose response in chest x -ray machine: 
For dose response study, as also carried out in the previous work in chapter (3), use has 
made of a medical chest X-ray machine located at the Royal Surrey County Hospital (a 
Philips E7252 general x-ray tube, using a Tingle Medical Systems generator). The tube 
potential of 80 kVp was selected to deliver doses that ranged from 0.1 mGy to 10 mGy. 
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A 6 cm3 ion Radcal 9095 ion chamber was selected to measure the output of the system 
during the TLD exposures, all of which were made in full backscatter conditions. 
5.4 Dose response in dental radiographic exposures: 
Here, for study of TL versus dose, use was made of a medical dental X-ray machine 
located at the Royal Surrey County Hospital (a Satelec X-Mind DC unit) fig (5.3), with 
an added filtration half-value-layer (HVL) of 2.7 mm Al at 70 kVp and inherent filtration 
of 15 mm Al. The tube potential of 60 kVp was selected to deliver doses in the range 5 
µGy to 1.3 mGy. An ion chamber (Radcal, USA, model 10x6-6, S/N 03-0930)  fig (5.4) 
was selected to measure the output of the system during the TLD exposures, the detector 
arrangements were placed on the surface of 4 cm of polystyrene foam. 
 
Figure 5-3 The preparation of samples  for irradiation procedure using dental machine 
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Figure 5-4 The ion chamber used for calibration and monitoring the tube  output during the 
irradiation 
5.5 Dose response using a mammography x-ray facility: 
Here, the dose response of samples was investigated using a mammography X-ray 
machine (Fig (5.5)) located at the Royal Surrey County Hospital (a GE Senograph DMR), 
with a HVL of 0.36 mm Al and inherent filtration of 30 µm, the tube system comprising 
a Mo target and Mo added filtration, typically referred to as a Mo/Mo system. Operating 
conditions of 28 kVp and 4 mAs were selected, to deliver doses ranging from 0.43 mGy 
to 28 mGy. A solid-state acc-gold chamber (radcal, USA, S/N: 42-0150) fig (5.6) was 
selected to measure the output of the system during the TLD exposures.  
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Figure 5-5 Mammography machine, 
 
Figure 5-6 The ion chamber 
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5.6 Energy dependence: 
For study of energy dependence, use was made of the mammography X–ray tube, 
operated at the x-ray tube potentials of 25 kVp, 28 kVp, 32 kVp and 35 kVp. Identical 
doses of 1 Gy were employed. 
5.7 Fading and Readout: 
To investigate the spontaneous thermal-relaxation signal loss, more commonly known as 
fading, use was made of a nominal tube potential of 80 kVp and a dose of 10 mGy, 
irradiated under full backscatter conditions. Post-irradiation until measurement of TL 
yield was carried out, the TLDs were kept under the same conditions maintained prior to 
irradiation, the samples being stored in a light-tight box held at room temperature. 
5.8 EDX analysis: 
Supporting investigation was made using an energy dispersive X-ray spectroscopy 
(EDX), with results as shown in figures Fig (5.7) and Fig (5.8). The obtained EDX 
spectral peaks represent the elemental composition of the analyzed materials. Figure 5.7a 
shows an SEM image of the Ge-disc shaped silica medium previously shown in Fig (5.1). 
The Energy Dispersive X-Ray Analysis (EDX), also known as EDS (with S for 
Spectroscopy) or EDAX (with A for Analytical), is an x-ray technique used to recognize 
and determine the elemental composition of materials, based on Moseley’s Law. 
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5.8.1 EDX analysis for disc shaped Ge-doped silica: 
 
Figure 5-7 Panel a) refers, the associated table of data representing at the particular indicated point 
(point 3) the relative presence of the dopant in the central part of the disc shaped Ge-doped silica 
medium. The upper left-hand panels show an SEM image of of the Ge-doped disc shaped silica 
while the Table in the upper right-hand panel represents the outcome of EDX analysis of the 
spectrum obtained at the labelled position (Spectrum1 as shown in the lower-most panel). 
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5.8.2 EDX analysis: flat fibre: 
 
Figure 5-8Panel a) refers, the associated data table representing the presence of the Ge dopant. The 
particular panel (upper left-hand) shows an SEM image of GeB-FF while the Table in the upper 
right hand panel represent the EDX analysis of the spectrum obtained at the labelled position 1 
(Spectrum1 as shown in the lowermost panel). The identification of carbon along with Si and O 
results from the addition of a thin layer of carbon to the fibre to inhibit charge build-up during the 
SEM investigation 
5.9 Glow curves analysis: 
For dosimetry studies, it is desirable for the TL dosimeter to be characterised by a glow 
curve with a peak at around 200-250 ºC. At lower values the fading might be expected to 
become appreciable while at greater temperatures infra-red glow form the heating cavity 
can represent a problem to account for. The glow curve is obtained by measuring the 
intensity of emitted light against the temperature and the time period during which the 
temperature is increased. In the present study the following parameters were used to 
obtain analysis for the doped silica materials (GeB-FF and Ge-doped disc shaped 
medium, the latter abbreviated to Ge-disc shape); preheat temperature of 160 ̊C for 15s; 
readout temperature of 300 ̊C for 30s and a heating rate cycle of 30 ̊C s-1(the experimental 
parameters). The glow curve for the Ge-disc Ge doped silica is represented by a broad 
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peak, indicative of formation that results from several sub-peaks, the maximum occurring 
at a temperature of 257°C, as shown in fig (5.9). For the GeB-FF, the glow curve is a 
more narrow peak relative to that of the Ge-disc, potentially indicative of the absence of 
any sub peak structure, with a maximum obtained at a temperature of 203°C, as shown in 
fig (5.10).  Deconvolution of the glow curve for GeB-flat fibre and Ge-doped disc shaped 
medium has been obtained through use of the one-trap one recombination centre (OTOR) 
model, the assumption being made of negligible re-trapping, matters detailed by Molina 
et al. (2014). The heating rate for the glow is 30°C/s. As will be seen in section 5.10, 
support for the experimental findings are obtained in deconvolution of the glow curves 
using the OTOR model adopted by Molina et al., 2014). 
 
Figure 5-9 Glow curve for Ge-disc fibre, the maximum being obtained at 257°C. The broad peak 
relative to that for GeB-FF is indicative of a multi-peaked sub structure. See section 5.10 for 
deconvolution analysis. 
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Figure 5-10 Glow curve for FF-fibre, the maximum obtained at 203 °C. The narrow peak relative to 
that for Ge-disc fibre is indicative of an absence of any sub-peak structure. See section 5.10 for 
deconvolution analysis. 
5.10 Summary of the Kinetics involved in the TL of Compounds, 
obtained through use of the procedure of Molina et al. (2014): 
In present work the focus is limited upon the set of parameters that are commensurate 
with best fit. In this respect, Horowitz and Yossian (1995) report that, within the bounds 
of the present approach, an acceptable Factor of Merit (FOM) is one producing a value 
of less than 5%. Further to this, in the approach of Molinar et al, introduction has been 
made of M, this being the concentration of deep thermally disconnected traps, i.e., traps 
that retain the trapped electrons (or holes) for the temperatures that a sample is subjected 
to. For M > 0, the deep traps are electron traps, while for M < 0 they are hole traps.  
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Table 5-1 Kinetics parameters for Ge-Disc fibre 
 
 
Figure 5-11 Deconvolution of the glow curve for Ge-disc 
As before, it is further apparent from Fig (5.11), representing the excellent fit between 
the experimental Ge-disc fibre glow curve and that arising from deconvolution, 
summarised in Table 5.1, that electron trapping dominates, the broad peak is a result of 
three sub-peaks and a good FoM is obtained. 
 
 Peak 1 Peak 2 Peak 3 
The activation energy E(eV) 1.38 
 
1.65 
 
2.20 
Frequency factor S (s-1) 7.30×108 2.53×1011 4.06×1010 
M                   9.87 ×106  
Figure of Merit (FOM) 1.3   
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Table 5-2 Kinetics parameters for  GeB-flat fibre: 
 
 
 
Figure 5-12 Deconvolution of the glow curve for GeB-Flat fibre. 
It is apparent from Fig (5.12), representing the excellent fit between the experimental 
GeB-FF glow curve and that arising from deconvolution, summarised in Table 5.2, that 
electron trapping dominates as expected and a good FoM is obtained. 
5.11 Dose response of GeB-PCF, Ge-PCF, GeB-FF and Ge-disc fibre in 
Chest Radiography: 
Detailed characterisation of the GeB-FF, and Ge-disc fibre have been obtained in this 
chapter, while that for GeB-PCF and Ge-PCF has been discussed in Chapter 4. This 
allows presentation below of the diagnostic energy responses for at all of the fibre types 
that have been used in this thesis work. In particular, Fig. (5.13) shows the comparative 
responses, in terms of TL versus dose, arising through use of a medical chest X-ray 
 
145 nC Peak1 
The activation energy E(eV) 1.49 
Frequency factor S (s-1) 2.05×1011 
M 1.40×108 
Figure of merit (FOM) 2.8 % 
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machine. A tube potential of 80 kVp was selected to deliver doses that ranged from 0.7 
mGy to 15 mGy.  
 
Figure 5-13 response of the collapsed GeB-PCF, Ge-PCF, GeB-FF, and Ge-FF subjected to doses in 
the range 0.7mGy to 15 mGy, delivered using a 80 kVp X-ray source. (Note: in some cases, the 
error bars are smaller than the data points). The maximum dose response for for the PCFs. 
 
Apparent is the appreciable additional response resulting from photonic crystal fibre 
(PCF) fabrication and most particular from co-doping of Ge with B. The benefit of co-
doping and the application of strained fabrication is similarly reflected in the comparative, 
albeit lesser response of the flat fibres (FF) and discs. Application within the diagnostic 
regime from sub mGy through to relatively high dose levels is demonstrated to be possible 
for the complete set, while that in use of GeB-PCF is to be preferred for sub mGy 
exposures at such potentials. 
5.12 Dose response in dental radiographic exposures: 
The dose response of the Ge-B-doped collapsed flat fibre (FF) and Ge-doped disc and 
TLD-100 are illustrated in Fig. 5.14. Each point represents the mean of three repeat 
measurements, with the data normalized to sample mass and error bars of one standard 
deviation. The lines are least-squares straight line fits to the data. Mass for mass, the TL 
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yield of the Ge-B-doped collapsed (FF) and Ge-doped disc as presently fabricated have 
been found to be respectively 11× and 6× that of TLD-100. Most apparent in Fig 5.14 is 
the capability of the Ge-B doped (flat fibre) to measure doses down to at least 0.1 mGy, 
easily surpassing that of the TLD-100. For one dose point as measured by the FF (that at 
some 0.8 mGy) the uncertainties are of the order of ± 5% of the mean TL yield, continuing 
to remain a reasonable outcome given combination of uncertainties in quadrature (for 
independent contributions) in use of dosimeters screened to give uncertainties to within 
± 4%, uncertainties in machine output (estimated to be up to ± 3%) and TLD reader drift 
(expected to be within ± 1%). 
 
Figure 5-14 TL response of the Ge-B doped (FF), Ge-doped disc and TLD-100 subjected to doses in 
the range 5 µGy to 1.3 mGy. (Note: in some cases error bars are smaller than data points). 
Apparent is the superior response of Ge-B doped (FF) and Ge-doped disc over over that of TLD-
100. most markedly that of Ge-B doped flat fibre. 
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5.13 Dose response in mammography: 
 
The dose response of the collapsed Ge-B-doped collapsed fibre FF, the Ge-doped disc 
and TLD-100 are illustrated in Fig. 5.15. Each point represents the mean of three repeat 
measurements, with the data normalized to sample mass and error bars of one standard 
deviation. The lines are least-squares straight line fits to the data. Mass for mass, the TL 
yield of Ge-B-doped collapsed FF, and the disc shaped Ge-doped disc have been found 
to be respectively 7× and 3× respectively that of TLD-100. Again, as commented in 
regards to Fig 5.14, most apparent in Fig 5.15 is the much greater capability of the Ge-B 
doped (flat fibre) to measure in the lower dose range, down to at least 2 mGy, easily 
surpassing the sensitivity of the TLD-100. 
 
Figure 5-15 TL response of the Ge-B doped (flat fibre), Ge-doped rod fibre and TLD-100 subjected 
to doses in the range 0.4 mGy to 28 mGy. (Note: in some cases, the error bars are smaller than the 
data points). Apparent is the superior response of Ge-B doped flat fibre. 
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5.14 Energy response: 
Here we examine the TL response per unit mass for the x-ray photon energies that are 
typically applied in obtaining mammography radiographs, namely using accelerating 
potentials of 25 kVp, 28kvp, 32 kVp and 35 kVp.  
 
Figure 5-16 Energy response for the samples, using mammography machine. 
The Ge-B-doped collapsed FF and Ge-doped disc and TLD-100 show approximately 
similar patterns of variation. It is seen that the Ge-B-doped collapsed FF is 2.5 that of 
the Ge-doped disc and five times more than that of TLD-100. The results reflect the 
situation that the effective atomic number Zeff for these samples provides for the 
dominating influence of the photoelectric effect and Compton scattering and the 
complexities of attenuation among the differing dimensions of the three TL types 
(Jones, 1978). It is observed that the lowest response for both silica-based materials was 
obtained at 25 kVp, while the greatest response was that obtained at 32 kVp. For the 
TLD-100 the greatest response was observed at 28kVp. 
5.15 Fading: 
Fig 5.17 illustrates the post-X-ray irradiation signal loss of the collapsed Ge-B fibres (FF), 
Ge-doped disc shape fibres and TLD-100 as a function of storage time. Over a period of 
15 days post-irradiation the fading loss for the of collapsed Ge-B FF was 22 % while that 
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for the disc shaped Ge-doped disc was 14 %; in comparison, the respective loss in TLD-
100 was 7%. The mean loss in TL response for the PCFs has been estimated to be 0.8% 
to 1 % per day.  
 
Figure 5-17The loss in TL yield over a period of 15 days post-irradiation for both types of doped 
silica and TLD-100, irradiated to a dose of 1Gy. The fibres were maintained at an ambient room 
temperature of some 18 0C over the period of the investiga 
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5.16  Sensitivity: 
Figure (5.18) and (5.19) depict the sensitivity of the two different doped silica, compared 
with TLD-100 in terms of TL.Gy-1.mg-1. The results show superior sensitivity of the Ge-
B-doped FF for both dose ranges, dental and mammography. In the dental range, the Ge-
B-doped FF has a sensitivity of 3 and 3.9 times greater than that of the Ge-doped disc and 
TLD-100 respectively, while in the mammography range the respective factors are 2.7 
and 3.6 that of TLD-100. To conclude, GeB-doped FF can be considered a suitable choice 
for medical diagnostic applications in the dose ranges investigated. 
5.16.1 Sensitivity for TLDs in dental machine: 
 
Figure 5-18 Dose sensitivities for the GeB-doped FF, Ge-doped disc with and TLD-100 disc, using 
the dental x-ray machine. Note: the inset provides an expanded view of dose response for all three 
dosimeters in the higher dose range. 
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5.16.2 Sensitivity of TLDs in mammography machine: 
 
Figure 5-19 Dose sensitivities for the GeB-doped (flat-fiber), and Ge-doped disc with, TLD-100 disc, 
using mammography machine. 
5.17 Minimum Detectable Dose: 
Here, the Minimum Detectable Dose (MDD), D0, refers to the lowest dose that the 
dosimeter is capable of measuring, over and above that of background, where: 
 
𝐷0  = ( 𝐵𝑚𝑒𝑎𝑛 +  2σ)F         (1) 
      𝐹 = 1 𝑚⁄                          (2)   
 
The MDDs are calculated as discussed by Furreta et al. (2001) using equation 1 (in present 
work units of mGy having renormalized to the particular dosimeter mass), with Bmean 
representing the mean TL signal obtained from the annealed but unirradiated samples and 
σ the standard deviation of the mean background. F (in equation 2) is determined from 
the slope m of the calibrated TL dose response for each of the TL materials (the 
uncertainty of the slope being of the order of ± 5%), expressed in mGy/TL herein. In 
present study, the MDD values were found to be 0.1 µGy and 1.0 µGy for the Ge-B-
doped FF and Ge-doped disc respectively, with an uncertainty in each case of no better 
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than ± 8%, obtained in quadrature (for independent contributions) taking into account that 
for the slope, use of dosimeters screened to give variability uncertainties to within ± 4%, 
uncertainties in machine output (estimated to be up to ± 3%) and TLD reader drift 
(expected to be within ± 1%). The results show the samples reporting values of dose down 
to the least delivered dose of 5 µGy. The MDD for TLD-100, discussed by others for high 
kVp chest radiography, and thus not directly applicable herein, quote a value of 10 µGy 
under such circumstance (Burke and Sutton, 2014).  The fibres fabricated herein provide 
excellent dose detection, from low doses in the lower range of medical diagnostic X-ray 
exposures though to the relatively higher values that can be obtained from a 
mammographic machine.  
5.18 Conclusion: 
Present work has sought to investigate the applicability of Ge-B-doped collapsed (FF) 
and disc shaped Ge-doped silica in respect of one low dose and one more elevated dose 
diagnostic-radiology situation, respective use being made of dental and mammography 
medical irradiating equipment. We have investigated the capability of these tailor made 
doped-silica glass thermoluminescence (TL) in medical diagnostic imaging dosimetry 
with the aim of developing a dosimeter of sensitivity greater than that of the commonly 
used LiF (Mg,Ti) phosphor. In so doing, we have examined the ability of such doped 
glass media to detect the typically low levels of radiation in diagnostic applications (from 
fractions of a mGy through to several mGy or more), including, chest, mammography 
and dental radiology, Excellent sensitivity within these two diagnostic dose regimes have 
been demonstrated, also low fading, representing a water impervious, robust dosimetric 
system. In addition, these silica-based fibres have shown good linearity over a wide 
dynamic range of dose and dose-rate. The results show that novel fabrications of doped-
silica glass produce thermoluminescence (TL) yields that make them attractive as 
dosimeters in the diagnosis range of doses, offering high sensitivity for x ray doses and 
MDDs down to the µGy level.  
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Chapter 6 
6 Enhancement of TL yield using gold-coated 
fibres and variation in fibre fabrication: 
6.1 Origin of TL yield enhancement in coated fibres: 
As previously mentioned, dose is defined as the radiation absorbed per unit mass of an 
absorbing medium, measured in Gy (where 1 Gy is equivalent to 1 J of energy absorbed 
per unit mass of the particular medium). Focusing on photons, the radiations of primary 
interest herein, as a result of interactions between the photons and electrons in the 
absorbing medium, energy transfers take place between the photons and the absorber 
electrons. Subsequently, the energetic electrons lose their excess energy by collisions 
with other electrons within the medium, creating a large number of secondary electrons 
of various energy. The energy of the secondary electrons, clearly less than primary values, 
lose their excess energy over a highly limited distance (of the order of a few microns to 
tens of microns in substantial matter).  For low energy x-rays (those generated at limited 
kVp values, taken herein to be <150 kVp), the various interactions with matter are 
dominated by the photoelectric process, at the particular energies being highly dependent 
on the atomic number (Z) of the absorber material. The greater the atomic number of 
material, the greater the number of secondary electrons released (favouring, as an 
instance, the use of gold and platinum, Z= 79 and 78 respectively, as photoelectron and 
Auger electron conversion media). Dose enhancement is produced as a result of the 
deposition of energy generated from such secondary electrons. In the photoelectric effect, 
the energy of the incident photon energy must be equal to or greater than the shell binding 
energy (Khan, 2010), K-shell photoelectrons being the particular interest. A typical x-ray 
tube spectrum dominated by the bremsstrahlung continuum is shown in figure (6.1), the 
peaks corresponding to characteristic x-rays at the K and L-shell binding energies. 
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Figure 6-1 A typical example x-ray tube spectrum showing the bremsstrahlung continuum as well 
as peaks corresponding to characteristic x-rays (Ahmed., 2007). 
6.2 Dose enhancement factor (DEF): 
A dose enhancement factor (DEF) is used in order to quantify the dose enhancement 
effect. In this study, the dose enhancement factor (DEF) is defined as the ratio of dose 
deposited in the gold-coated fibre (in present studies only gold has been used) to the dose 
deposited in the uncoated fibre.  
6.3 Dose Enhancement Application: 
In the present study, dose enhancement has been obtained by using gold, the most 
practical available high atomic number medium as a coating to the fibre in order to obtain 
the maximum effect. Given that the gold can act both to attenuate as well as accentuate 
the photoelectron contribution (and even more so the Auger electrons) the effect has been 
investigated for a range of gold thicknesses in an effort to optimize the potential for 
enhancement. The increase manifests as an increase in the TL response of the gold-coated 
Ge-doped disc and GeB-FF, the two dosimeters used herein in making measurements in 
respect of low dose diagnostic radiology applications.  
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6.4 Dose Enhancement at a High Atomic Number Interface: 
As discussed in chapter 2, at particular values of photon energy the photoelectric effect 
dependency is on the atomic number Z. Thus, it is obvious that greater dose enhancement 
is obtained from use of higher Z material. In this chapter, gold (Z=79) has been used to 
coat the surface of the fibres in order to enhance the dose. Several studies have been made 
based on the DEF obtained using different high Z number materials. For instance, 
biocompatibility aside, study has shown an available increase of 80% in dose to the 
backward direction from a tissue-lead (Z = 82) interface (Thambi et al., 1979); 
measurements using a Co-60 beam were performed with TLD-100 powder. Of further 
note is that gold (Z = 79) offers greater biocompatibility than iodine, Z = 53 (Connor et 
al., 2005; Shukla et al., 2005; Lewinski et al., 2008). Moreover, it has a much higher 
attenuation coefficient (for example, at 100 keV, for Au, μ/ρ = 5.16 cm2g-1 while for I, 
μ/ρ = 1.94 cm2g-1) (Mesa et al., 1999). Research carried out on dose enhancement using 
gold has shown dose enhancement of 100% in tissue-equivalent polymethylmethacrylate 
(PMMA) close to a thin metallic gold foil surface irradiated by 40 to 120 kVp X-rays 
(Regulla et al., 1998). In 1988, measurement was reported of radiation dose in the vicinity 
of a metal mandibular implant, findings indicating greater dose in the presence of the 
metal (Castillo, 1988).  
 
Applying this method, Matsudaira et al. (1980) used iodine (K-shell binding energy, 
33.17 keV) to sensitize cultured cells. Further, by injecting iodine into mice tumours and 
applying kilovoltage x-rays, it has been shown that this increased inhibition of the 
development of tumours by 80% (Santos et al., 1982). Radiation dose enhancement by a 
factor 3 was also found when iodine (a moderately high atomic number medium that can 
safely be injected into the body) was integrated in vitro into cellular DNA, with 
iododeoxyuridine (Biston et al., 2004). In previous work at Surrey an initial study was 
carried out on Ge-doped fibres, examining the effectiveness of a high Z converter medium 
(Abdul Rahman et al., 2012). With use made of 90 kVp x-ray irradiation, a dose 
enhancement of 60% was found at the interface between iodine and the optical fibres, the 
findings being validated by using Monte Carlo simulations, with agreement at the 2% 
level. Follow-up investigation was made by Alalawi et al. (2014) using optical fibre TLD 
in modeling of radiation synovectomy, the latter being understood to be suppresion of the 
inflamed synovium membrane of joints caused by rheumatoid arthritis (Abdul Rahman 
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et al., 2012). The technique was referred to by the group as interface radiation dosimetry, 
use being made of iodine-based contrast medium to enhance the treatment dose. It has 
been found that the contrast medium provided ~ 60% increase in TL yields compared to 
the measurements without the contrast medium (Abdul Rahman et al., 2012) Subsequent 
study has been made using gold–coating with different gold thicknesses, seeking to 
increase the probability of radiation interaction thus increasing the TL yield (Alalawi et 
al., 2014). They found the largest dose enhancement to be obtained with a 80 nm gold 
coating, providing a DEF of 1.33 ± 0.01. The experimental and MC simulation results 
were in good agreement up to a coating thickness of 80 nm, yielding a DEF of some 1.6% 
nm−1 of gold coating (Alalawi et al., 2014). Another study, by Abdul Sani et al. (2014) 
used the same sputterer (Emitech K575X) to coat flat fibres with platinum (Pt). The 
coating thicknesses, with values of 20, 40, 60, 80 and 100 nm, provided a linear increase 
in the dose enhancement factor (DEF) over the range of the selected thicknesses, reaching 
the greatest value at 80 nm, at 1.20 ± 0.03, providing 0.0150 ± 0.0003 nm-1.  
6.5 Materials: 
In present studies, GeB-flat fibres and Ge-disc shapes fibres (the same samples that were 
used in chapter 5) were first annealed using the same process as previously described (in 
Section 5.2.2), subsequently being kept in a plastic bag, ready for the gold coating 
process. Three samples of gold-coated and non-coated GeB-flat fibres and similarly for 
Ge-disc shaped fibres were prepared for irradiation. As mentioned in chapter 5, EDX 
analysis showed that in Ge-doped disc fibre the germanium concentration is located in 
the centre of the fibre which otherwise has the same structure as the basic normal fibres 
except that is has much greater diameter. The Ge doped concentration was measured by 
EDX and in wt% was found to be some 6.3%. In terms of Ge mole%, it is around 5.5 - 6 
mol%. However, in terms of the GeB-FF, for this type of fibre the collapsing down is 
performed in a high vacuum pressure at relatively high temperature. Thus, the flat shape 
resulting from this, producing strain-associated defects, provides for a more sensitive 
response than the collapsed-hole PCFs of round shape (Mahdiraji et al., 2015). 
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6.5.1 Sample Annealing: 
As performed in the studies of the previous chapter, prior to irradiation the samples were 
annealed in a furnace (Carbolite, UK). Annealing, an important step prior to each use, 
obtains a stable situation, either in regard to the background controls or the irradiated TL 
media, the annealing erasing any residual irradiation history, in so-doing eliminating any 
unstable low temperature glow peaks. For annealing, the samples were kept in an 
aluminum plate as shown in Fig. 3.1.b and then covered with aluminium foil, annealed at 
400 ºC for a period of one hour and then left in the furnace to allow the samples to cool 
down naturally over a period of 24 h (mitigating against thermal strain that can generate 
additional defects). 
6.5.2 Coating process: 
Selected GeB-doped flat fibres and Ge-disc fibres were coated with gold as shown in Fig 
6.2. A turbo sputter coater (Quorum Technologies Ltd., UK) machine (Fig 6.3) was used 
to provide coating thicknesses of 20, 40, 60, 80, 100 nm to for all fibres. The use of 
sputtering technology has limitations in achieving the desired coating thicknesses, 
providing for coating thicknesses from a few nm to many tens of nm; thicknesses outside 
of this range are considered very much more difficult to obtain. Therefore, the other two 
layers (2000 nm, and 4000 nm were obtained by making use of gold foil of 57 mm 
diameter, 2 µm thick (Quorum Technologies Ltd., UK); for the thickness of 4 µm (Fig 
6.4), two layers were used. For sputtering, the machine current was 10 mA, the presence 
of argon gas allowing better deposition of gold (Au density19.32 g/cm3) with a pressure 
in the chamber of 0.1 psi. For each thickness. 
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Figure 6-2GeB-FF and Ge-disc before and after the gold coating 
 
Figure 6-3 Sputter coating machine 
 
Figure 6-4 Gold foil 
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6.6 Irradiation procedure: 
Use has been made of a Chest X-ray tube, with x-rays generated at 80 kVp. The facility 
is located at the Royal Surrey County Hospital (a Philips E7252 general x-ray tube, using 
a Tingle Medical Systems generator), with inherent filtration of 0.9 mm Al at 75 kVp and 
a measured total filtration of 2.8 mm Al at 80 kVp. Irradiation was made to deliver a dose 
of 14 mGy.  
6.7 Readout process: 
To allow uniform control of thermal fading, the optical fibre TL yield was measured 24 
hours post-irradiation, use being made of a Harshaw model 4500 TLD reader supported 
by WinREMS software to perform the TL measurements. The time-temperature profile 
(TTP) was set to a preheat temperature of 160 ºC for 10s, with a subsequent readout 
temperature of 300 C maintained for 25s and a heating rate cycle of 25 ºC /sec. Nitrogen 
gas flow was supplied during the read-out process in order to inhibit sample oxidation.  
6.8 Results:  
The purpose of this work was to obtain the dose enhancement factor (DEF), defined as 
previously mentioned as the ratio of dose deposited in the gold coated fibre and the dose 
deposited in the uncoated fibre. The measured DEFs can then be compared to the 
measurements obtained by Monte Carlo (MC) simulations that are used to validate the 
experimental results, also providing MC results that can be calculated for other coating 
thicknesses, including those that cannot be obtained through use of sputtering technology. 
Monte carlo simulation have been performed using the code MCNPX 2.6 and Flair 
2.3/Fluka. 
For the GeB-FF, experimental results showed the largest dose enhancement to be 1.41 ± 
0.01 at a coating thickness of 2 m, in other words the DEF for the 2 m thickness was 
41% ± 1% in excess of the uncoated result (Fig. 6.5). The reduction in response beyond 
2 m through to 4 m is suggested to result from a predominance of attenuation over 
photoelectron yield as is to be expected. Over the range of gold coating thickness, MC 
simulation has shown similar results, the greatest dose enhancement to be 1.38, obtained 
at a thickness of 2 m (Fig 6.7). The DEF values have been found to be in close agreement 
(to within 2 %), any discrepancies in thickness of Au being likely to be due to a 
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combination of coating thickness calibration uncertainty, imperfect account of the 
spectral distribution of x-ray energies and the effect of a potential change in the optical 
emission spectrum offered by the fibres. In the latter regard, this was explored in some 
detail in a published study entitled ‘Simultaneous microbeam IBA and beam-induced 
luminescence analysis of strained doped silica fibre radiation dosimeters’, produced by a 
team in which the present author was a member (Grime et. al., 2019). The reduction in 
DEF beyond the greatest value shows similar discrepancy, being less marked in the case 
of the MC simulation. 
For the Ge-doped disc-shaped fibre, the experimental results show the maximum dose 
enhancement to also be at 2 m, at 1.28 ± 0.01, namely an increase of 28 % ± 1% over 
that of undoped fibres (Fig 6.6). Similarly, the MC simulation showed the maximum 
increase in dose enhancement to be 1.20 ± 0.01 at 2 m, decreasing beyond, albeit the 
reduction is more sharp than that for the GeB-FF (Fig 6.8). Discrepancy with the 
measured values is apparent, at 4 m, with greater reduction in response shown at this 
value than that seen in the MC results. Here it might be anticipated that in fabrication of 
the Ge-doped disc-shaped fibres that a loss in homogenous distribution of Ge has 
occurred, the dopant concentration evaluated within the central region not being reflective 
of that towards the periphery. This would tend to account for the greater loss in DEF than 
that reflected in the MC simulations. 
In summary, this study and others have been investigating the optimum thickness of 
coatings in order to achieve a maximum values of the dose enhancement factor (DEF), a 
situation based on the relationship between photoelectron generation within the coating 
and the stopping of electrons within that medium (Bradley et al., 2014).  
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Figure 6-5 The average DEFs of GeB-FF resulting from use of a range of gold coating thicknesses. 
The error bars represent 1σ (one standard deviation) of the results of three readings. 
 
Figure 6-6 The average DEFs of Ge-doped disc-shaped fibre resulting from use of a range of gold 
coating thicknesses. The error bars represent 1σ (one standard deviation) of the results of three 
readings. 
6.8.1 Monte Carlo simulation 
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Figure 6-7 DEF values of GeB-FF for different thicknesses of gold coating simulated using FLUKA. 
 
Figure 6-8 DEF values of Ge-doped disc-shaped fibre for different thicknesses of gold coating 
simulated using FLUKA. 
 
Further investigation will be needed in order to improve present results for the DEF of 
the present group of fibres, being intended to obtain an even lower level of detection 
(LLD) than hitherto available. One such step would be to seek to obtain broader EDX 
mappings across the fibres while another would be use of a standard x-ray irradiation at 
a Secondary Standards Dosimetry Laboratory (SSDL) such as that located at the IAEA  
Seibersdorf. At this point, having demonstrated the utility of high-Z coatings in improving 
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the LLD, further work beyond this point turns to modification of the processes of fibres 
fabrication (as previously detailed in chapter 2 and Chapter 5, section 5.2.1). Specifically 
use is made of alteration in pressure in fabrication of the GeB-FF in order to increase the 
sensitivity of this fibre though strain-related defects generation. Comparision is made 
between the response of the GeB-flat fibres previously used in this thesis (fabricated to 
obtain a collapsed flat fibre at an estimated 0.1 atmosphere, equal to 1 x 104 Pa) and the 
newly fabricated GeB-FF, produced as a result of greater reduction in pressure (not better 
than 3 x 103 Pa, the lowest value in the range defined as the low pressure regime). Several 
irradiation campaigns have been made herein using different machines, including chest 
x-ray, mammography,and dental machines.  
 
6.9 Dose Enhancement resulting from strain alteration in the flat fibre 
fabrication process: 
6.9.1 Materials and methods: 
The same numbers of both types of GeB-FF (altered and unaltered) have been prepared 
for irradiations, conducted over a range of doses. In each irradiation procedure, a group 
of five GeB-FFs have been chosen for each dose reading. Prior to irradiation, the 
annealing process was performed following the method previously mentioned, the 
samples being kept in an aluminum plate and then covered with Al foil, annealed in a 
furnace (Carbolite, UK) at 400 ºC for a period of one hour and then left in the furnace to 
allow the samples to cool down naturally over a period of 24 h. Subsequently, the samples 
were kept in a dark for 24 h to be ready for the irradiations. The fibres were placed in 
plastic bags to be irradiated. Herein, the most sensitive flat fibres will be referred to as 
GeB-FF (1) while the less sensitive fibres will be referred to as GeB-FF (2).   
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6.9.2 Irradiations procedures: 
6.9.2.1 Comparison of the two types of GeB-FF in dental radiographic 
exposures: 
For the TL versus dental radiography dose study, use was made of a medical dental X-
ray machine (a Satelec X-Mind DC unit), with an added filtration half-value-layer (HVL) 
of 2.7 mm Al at 70 kVp and inherent filtration of 15 mm Al. The tube potential of 60 kVp 
was selected to deliver doses in the range 0.03 mGy to 10.0 mGy (using the same distance 
from the tube to the samples as that applied in patient imaging). For measurements of the 
system output during TLD exposures, an ion chamber (Radcal, USA, model 10x6-6, S/N 
03-0930) was selected. The TL detectors were placed in plastic bags and then placed on 
4 cm thick polystyrene foam. 
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6.9.2.2 Comparison of the two types of GeB-FF in using a 
mammography x-ray facility: 
In this study, the two types of GeB-FF have been tested for response using a 
mammography X-ray machine. The HVL of this was 0.36 mm Al, with inherent filtration 
of 30 µm. The tube system included a Mo target with Mo added filtration (Mo/Mo 
system). The tube, operated at a potential of 28 kVp, was made to deliver doses ranging 
from 0.43 mGy to 20 mGy. A solid-state acc-gold chamber (radcal, USA, S/N: 42-0150) 
was used for measuring the output of the system during the TLD exposures.  
6.9.2.3 Comparison of the two types of GeB-FF in using a chest x-ray 
facility: 
 
For study of TL versus dose from a chest x-ray system, use was made of the same Royal 
Surrey County Hospital medical chest X-ray machine as that used in chapter 4. The tube 
potential of 80 kVp was selected to deliver doses ranging from 0.6 mGy to 10 mGy. 
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6.10 Results and discussion: 
 
Figure 6-9 Dose response with a chest x-ray system, for doses in the range 0.03 mGy to 10.0 mGy. 
An increase in detectability of some 75% has been obtained in collapsing down the FF by further 
decrease of some 70% in vacuum pressure (from 1 x104 Pa to of the order of 3 x103 Pa), 
 
Figure 6-10 Dose response in use of a mammography x-ray set, with doses ranging from 0.43 mGy 
to 20 mGy. An increase in detectability of some 60 % has been obtained in collapsing down the FF 
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by further decrease of some 70% in vacuum pressure (from 1 x104 Pa to of the order of 3 x103 Pa). 
GeB-FF-1. GeB-FF-2 are as in Fig 6.9. 
 
 
Figure 6-11 Dose response in use of dental radiographic equipment, with doses ranging from 0.6 
mGy to 7 mGy. An increase in detectability of some 45 % has been obtained in collapsing down the 
FF by further decrease of some 70% in vacuum pressure (from 1 x104 Pa to of the order of 3 x103 
Pa). GeB-FF-2 are as in Fig 6.9. 
It is clear from Figs 6.9, 6.10 and 6.11 that the response of GeB-FF-1 (the most sensitive 
of the two flat fibres), is greater than that of the orginally fabricated flat fibre arrangement 
that was previously used in the work of Chapter 5. In use of the chest x-ray, 
mammography and dental x-ray machines, the response of GeB-FF-1 has been observed 
to exceed that of GeB-FF-2 by 1.75, 1.60, and 1.45 respectively, with differences due to 
the different degree to which interactions occur in the fibre with change in x-ray spectral 
distribution. The results indicate that favourable alteration in the flat fibre fabrication 
process can be used to bring about inprovement in the TL response for the same type of 
fibre by applying greater vacuum presure, creating more defects inside the fibre. This 
allows for the presence of more traps, thus increasing the sensitivity of the fibres to the 
radiations.   
In summary, the studies within this thesis have shown that PCF-collapsed has greater 
sensitivity than un-collapsed PCF (PCF-structured) as well as that of the more 
conventional 20-μm-core-diameter optical fibres when exposed to a range of diagnostic 
x-ray doses (1mGy up to 10 mGy), delivered using x-rays generated in the 40 kVp to 140 
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kVp range. The TL response of the PCF-collapsed fibre has been found to be greater by 
a factor of 16 and 4 times than that of the uncollapsed PCF (PCF-structured) and 
conventional form optical fibre respectively. In addition, it was found that the TL 
response of an undoped cylindrical optical fibre (COF) can be greatly improved by 
collapsing the inner wall surface of the COF into the form of flat fibre (FF). Furthermore, 
TL enhancement has also been observed when the FF is fabricated from a Ge-doped COF, 
the Ge-dopant being added to the inner wall surfaces of COF (in the collapsing region) 
(Mahdiraji et al., 2015). 
In present study, the TL response of fibre has been improved by using two techniques. 
Firstly, dose enhancement using gold coating, the latter representing perhaps the greatest 
practical high Z number material that can be used, providing for more interactions as a 
result of the low-energy dominated photoelectric effect region. The improvements were 
about 1.4 ± 0.01, and 1.28 ± 0.01 for GeB-FF and Ge-doped disc respectively. The second 
technique used to improve the TL response was that of vacuum pressure applied in the 
collapsing down of the COF into a FF, generating more defects inside the doped fibres. 
The TL response has been improved in GeB-FF-1 over that of GeB-FF-2 by a factor of 
1.75, 1.60 and 1.45, in use of a chest x-ray machine, mammography and dental x-ray 
machines, respectively.  
The focus in this chapter has been on efforts towards creating TL response improvements 
for the present doped fibres in order to provide access to highly sensitive radiation 
dosimeters for low diagnostic doses (doses used in diagnostic regions or scattered 
radiation during radiotherapy). Bradley et al. (2014) have previously drawn attention to 
the fact that the use of  doped fibres in radiotherapy applications have been investigated 
widely, while potential exploitation of these media as diagnostic dosimeters (down to 
doses of < 0.1 mGy) has remained largely unexplored, therefore in need of greater 
investigation as conducted herein. The added sensitivities that have been shown herein to 
be obtained through high Z coatings and/or strain-related defects generation are 
appreciable, with DEF factors in the range 1.28 through to 1.75. The combination of the 
two (in taking the product of each, from least to greatest) might therefore be anticipated 
to produce DEFs of from 1.9 to 2.5, worthwhile enhancements in pushing down the LLD. 
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Chapter 7  
7 Conclusion 
At the outset it is important to note the work herein on doped silica media in low dose 
medical exposure situations is novel, previous work on the particular media focusing on 
the much greater doses and energies applied in radiotherapy. Explicitly, current interest 
concerns doses that are a factor of some 104 to 106 (sub-mGy down to some 10 Gy) less 
than the fractionated tumour doses typically delivered in radiotherapy. This represents a 
real challenge in regard to the development of sensitive detectors of high spatial 
resolution.  While ion chambers and phosphor-based TLDs represent some of the more 
popular dosimeters used in calibrating and monitoring the low medical exposure doses of 
interest herein, current research aims to provide medical institutions, manufacturers and 
regulators with alternative options for high sensitivity dosimetry, ones that offer accurate 
and cost-effective dose evaluation at high spatial resolution. Unchallenged spatial 
resolutions and the robust nature of these glass dosimeters are two of the further 
advantageous features on offer. 
 
Working with various forms of Ge-doped silica glass in medical applications, the 
dominating aim of this research has been to determine those of these that would be most 
effective as TL dosimeters of low dose exposures, from mGy down to of the order of 10 
Gy. Developing effective low dose measurement capability firstly allows monitoring of 
medical exposures and then secondly extending from this the devising of strategies 
towards reducing exposure risks arising from stochastic effects. In such regard, it is to be 
appreciated that there is growing demand for use of diagnostic imaging and radiotherapy 
machines, not limited to the increasing number of cancer cases being seen worldwide but 
also in other medical conditions. In limiting individual dose through optimization of the 
particular x-ray techniques and procedures of interest it is to be appreciated that given the 
worldwide dependence on medical x-ray exposures for diagnosis and therapy, control is 
being applied to the limitation of population dose and with it the potential for wasted dose 
contributing to genetic loading.  The thesis research has had two subsidiary aims. The 
first concerns investigating the range of exposures encompassing the typical medical 
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doses applied in patient diagnostic imaging procedures. In this, use has been made of x-
ray chest, dental and mammography machines located at the Royal Surrey County 
Hospital. This provides substantial coverage of the realm of popularly conducted 2D x-
ray diagnoses, representing some of the more widely practiced of the medical x-ray 
imaging techniques from which populations benefit. The second subsidiary aim focuses 
on the important aspect of measuring the scattered radiation doses received by patients 
during stereotactic radiosurgery procedures (SRS), such techniques becoming 
increasingly popular in treating brain tumours, also neural disorders and malfunctions. 
The radiosurgery techniques are typically applied to a very sensitive part of the body (the 
brain), the most sensitive organs at risk including the closely adjacent eyes, potentially 
being adversely affected during the treatment procedures. An example of this would be 
radiation induced lens opacifications. Thus, measurement of the scattered radiation does 
received by the eyes are of vital importance, again leading to the devising of treatment 
strategies to reduce such exposures wherever possible.  
Summary review is provided herein of the main sections of the thesis, from Chapter 2 
onwards.  
Chapter 2: 
Following on from the introductory chapter, Chapter 2 seeks to provide summary of the 
basic aspects of the work that is included within the thesis, covering some of the more 
essential underpinning physics, both solid state as well as in regard to the radiation 
interactions. Also covered, in support of why present efforts are needed, are an evaluation 
of the operative background literature, the intention being to contextualize present work 
within the greater scheme of efforts towards accounting for imaging and scattered doses 
and the various controls in place. Here it is important to note that the work in this thesis 
is certainly not intended as an adventure in solid state physics, the relevant material 
included in chapter 2 being to provide an appreciation of the defects, intrinsic and 
extrinsic, that give rise to the luminescence. These defects are harnessed, added to and 
manipulated, towards giving a sensitive basis for dosimetry.  
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Chapter 3:  
In this chapter the focus has been on stereotactic radiosurgery (SRS), a non-invasive 
therapy radiation technique used for delivering of high doses of ionizing radiation to 
precisely localized targets, also aiming to preserve surrounding healthy tissues. This 
relatively new technique was developed for treatment of different neuro-functional 
abnormalities, extending also to benign and malignant lesions. One of the greatest 
advantages of it is the local tumour control for single and multiple brain metastases at low 
rates of side effects. There a number of medical modalities that provide for this SRS 
treatment technique, including Gamma Knife and the linac-based systems, Novalis and 
Cyberknife. These systems work in the company of imaging techniques that include 
computed tomography (CT) and magnetic resonance imaging (MRI) to allow the 
localization of SRS targets (down to a small fraction of a mm). With a wide range of 
platforms for delivery of SRS, more investigation and standardization are required. 
Present research has concerned a multi-centre dosimetric audit (20 medical centres in the 
UK in all), examining the range of SRS techniques and machines for a single brain 
metastasis using a series of small dimension dosimeters (1.55 mm and less) and an 
anthropomorphic head phantom. The study has focused on eyes lens dosimetry, 
considered the more radiosensitive tissue in respect of the particular primary targets, the 
purpose being to determine the scattered radiation lens dose received during an SRS 
treatment as well as the imaging dose received by the lens during planning-stage CT-
scanning. To perform this study, custom-designed holders were fabricated to carry three 
types of thermoluminscence dosimeters: Ge-doped silica fibres, silica glass beads and 
TLD-100, the latter as a reference dosimeter (also having larger dimension than the silica-
based dosimeters). In order to offer reproducible localisation of the TLD holders, a 
bespoke 3D-printed goggle insert was manufactured for the head phantom. International 
guidance aims to reduce lens dose down to 0.5 Gy. Present findings represent lens dose 
values below 0.5Gy, albeit sometimes to a modest degree, there being need to continue 
to exercise associated due care in SRS planning and delivery. For the CT scan the range 
of mean dose to the lens was found to be from 0.03 ± 0.02 Gy to 0.08 ± 0.02 Gy.  
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Chapter 4: 
In this chapter the focus has been on development of Ge-doped silica thermoluminescent 
detectors with sensitivity superior to that of the LiF (Mg,Ti) phosphors, the latter enjoying 
current widespread use in medical applications. The research has focused on the 
investigation of various types of TL dosimeter considered suitable for dosimetry purposes 
in medical diagnostic imaging examination. Use has been made of Ge-doped silica 
telecommunication fibres (single mode fibres, SMF) and tailor-made doped photonic 
crystal fibres in collapsed form (PCFc), the latter Ge-doped or also co-doped with boron. 
The PCFs are fabricated using the modified chemical vapour deposition (MCVD) 
method, collapsing down capillaries at high temperatures and under vacuum to form 
PCFc (the subscript c denoting collapsed), as a result of the collapsing of internal walls, 
fusing and generating strain-related defects. The present study showed that fabricated 
PCFc-Ge-B, PCFc-Ge and SMF have provided TL yields greater than that of TLD-100, 
by some 15, 10 and 2  respectively for the particular conditions applied. This research 
includes investigation of linearity of TL yield for x-ray doses from 0.1- to 10 mGy, with 
the use of an x-ray tube operated at 80 kVp, a typical value selected in chest radiography. 
Furhter study examined the energy response at a dose of 10 mGy, applying  x-ray tube 
potentials of 80 kVp, 100 kVp, and 120 kVp, with inherent filtration 0.9 mm Al measured 
at 75 kVp, and total filtration of 2.8 mm Al at 80 kVp.  
Chapter 5: 
With growing demands in modern clinical diagnostic radiology practice, it is clear that 
greater attention will need to be given to radiation dosimetry developments. As previously 
stated, the importance lies in improving the sensitivity of dosimetry in diagnostic and 
therapeutic applications, a matter that emerges from the increasing population dose 
arising from increasing access to x- and gamma-ray facilities throughout the world. With 
this, the potential for radiation risks can include genetic consequences, commensurate 
with the population loading arising from medical exposures. Although 2D diagnostic 
radiology doses are typically considered to be low, there is also a low but calculable risk 
for cancer induction. In accord with the principle of ALARP, risk reduction is important 
for patients, modern practice now increasingly being guided by Dose Reference Levels 
(DRL) for patient procedures. As such, it is of important to provide an effective, reliable 
and accurate means of dosimetry to support these actions.  
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Current studies have shown that Ge-doped-silica glass fibres offer various advantages 
over the well-known phosphor-based TL dosimeters (TLD), including great sensitivity at 
diagnostic doses, low fading, good reproducibility and re-usability, as well as having a 
robust and water impervious nature. In addition, these silica-based fibres show good 
linearity over a wide dynamic range of dose and dose-rate and are directionally 
independent. In the present study, investigation has been made of tailor made doped-silica 
glass thermoluminescence for applications in medical diagnostic imaging dosimetry. The 
aim has been to develop a dosimeter of greater sensitivity than existing systems, also 
needing to be cost effective and smaller in size than that of the commonly used 
LiF (Mg,Ti) phosphor. Investigation of the ability of such doped glass media to measure 
the typically low levels of radiation in diagnostic applications, dose-linearity, energy 
response and fading has been performed and detailed in the present chapter. As before, 
use has been made of mammography and dental radiology x-ray tubes located at the Royal 
Surrey County Hospital. 
Chapter 6: 
Chapter 6 represents the final results chapter, focusing on the TL yield enhancement to 
be had in producing Au-coated fibres as well as from fibres fabricated using increased 
pressure MCVD procedures. In regard to the former, and with the work focusing on the 
low levels of radiation doses used, not least in diagnostic applications, it is to be 
appreciated that the various interactions with matter are dominated by the photoelectric 
process. In this particular energy range, the interactions with matter are highly dependent 
on the atomic number (Z) of the absorber material and edge phenemona. In other words, 
the greater atomic number of materials, the greater the number of secondary electrons 
released (favouring, as an instance, the use of gold (Z= 79) and platinum (78) (as 
photoelectron and Auger electron conversion media).  Herein, a dose enhancement study 
was made using gold coatings to GeB-Flat Fibres and the Ge-discs previously discussed, 
seeking to enhance the dose as a result of the deposition of energy generated from the 
secondary electrons. The gold (Z = 79) that was used for the coatings were of 99.99% 
purity, with nm thickness coatings being applied using a turbo sputter coater (Quorum 
Technologies Ltd., UK), producing a range of different thicknesses of gold of 20, 40, 60, 
80,100 nm. Exposures were made at 80 kVp using a chest x-ray unit located at the Royal 
Surrey County Hospital while the coatings were made in the Physics Department at the 
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University of Surrey. The principal aim of the work was to obtain the dose enhancement 
factor (DEF), defined previously as the ratio of dose deposited in the gold-coated fibre 
and the dose deposited in the uncoated fibre. The results were then compared to findings 
obtained through Monte Carlo (MC) simulations, a methodology typically used to 
validate experimental results, providing evaluations for a range of coating thicknesses, 
including those unavailable through use of sputtering technology (the latter being limited 
to thin film coatings). Monte carlo simulation have been calculated using the code 
MCNPX 2.6 and Flair 2.3/Fluka. For GeB-FF, experimental results showed the largest 
dose enhancement to be 1.40 ± 0.01 at a thickness of 2 m (gold leaf being used at this 
thickness and beyond) and a reduction in response beyond that through to 4 m, as 
previously explained. For the MC simulation, the results showed the greatest dose 
enhancement to be 1.38, again attained at a thickness of 2 m, a value in close agreement 
(to within 2 %) with the experimental result. Despite this close agreement, the thickness 
of Au at which the optimal DEF occurs is subject to various modifying factors including 
a combination of coating thickness, calibration uncertainty, imperfect account of the 
spectral distribution of x-ray energies and the effect of a potential change in the optical 
emission spectrum offered by the fibres. In regard to the latter, this has been addressed in 
a published study entitled ‘Simultaneous microbeam IBA and beam-induced 
luminescence analysis of strained doped silica fibre radiation dosimeters’, produced by a 
team of which this author was a member (Grime et. al., 2018; see Chapter 6 for a listing 
of the reference). For the Ge-doped disc-shaped fibre, the experimental findings show the 
maximum dose enhancement to also be at a thickness of 2 m, at 1.34 ± 0.01 being an 
increase of 34 % ± 1% over that of undoped fibres, MC simulation again agreeing with 
this. In comparison, for Ge-doped optical fiber, Alalawi et al. (2014) found the DEF for 
80 nm thickness of Au to also be 1.34 ± 0.01. To summarize, this and other several studies 
have sought to investigate the optimum thickness of coatings in order to obtain maximum 
values of the dose enhancement factor (DEF), relying on the relationship between 
photoelectron generation within the coating and the stopping of electrons within that 
medium. The coating work was followed up by investigation of the effect of strain-
induced defects generation on the DEF. Using GeB-FF, additional responses have been 
observed to from 1.45 up to 1.75. 
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The Way Forward: 
Recognising the capability of current doped silica technology in providing for low dose 
evaluations, the next step would seem to be to carry out more extensive, more detailed 
hospital-based dose surveys, with various approvals needed for this. In this respect, 
diagnostic doses are of course modified by patient-based variations, not least Body Mass 
Index and associations with age, ethical approval therefore being anticipated. Staff and 
patient exposure dose evaluations in fluoroscopic and angiographic/ cardiac imaging 
studies are also needed.  Also to be recognised from the low dose capabilities are the 
potential for extending investigation into the UV realm, with UV light therapy being 
commonly adopted in treatment of for instance psoriasis and skin fungal diseases. There 
is need here to evaluate and perhaps control such therapeutic exposures more rigorously. 
Among certain populations light starvation Vitamin D deficiency and the related issues 
of bone fragility is also an issue and again might be an area wherein the glass dosimeters 
could find an interesting personal dosimeter role.  Beyond medically indicated UV 
treatments is the widespread use amongst fair-skinned people of UV tanning beds, with 
concerns for skin cancer induction. It has already been shown by others that the glass 
dosimeters are sensitive to UV exposures but a more detailed analysis of dose sensitivity 
will be needed for this. Finally, with background environmental radiations being 
commonly at the level of a few mGy annually, it would be of interest to explore the use 
of the glass dosimeters for long-term integrated dose evaluations. Given that the fibres 
are impervious to water, their application in the present forms for outdoor environmental 
dose surveys would certainly now seem possible. 
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